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The only known effective therapy for lethal disturbances in cardiac rhythm is 
de?brillation, the delivery of a strong electric shock to the heart. This technique 

constitutes the most important means for prevention of sudden cardiac death. The 
efficacy of defibrillation has led to an exponential growth in the number of patients 
receiving implantable devices. The objective of this book is to present contemporary 
views on the basic mechanisms by which the heart responds to an electric shock, as 

well as on the challenges and implications of clinical defibrillation. Basic science 
chapters elucidate questions such as lead configurations and the reasons by which a 

defibrillation shock fails. Chapters devoted to the challenges in the clinical procedure 
of defibrillation address issues related to inappropriate and unnecessary shocks, 

complications associated with the implantation of cardioverter/defibrillator devices, 
and the application of the therapy in pediatric patients and young adults. The book also 

examines the implications of defibrillation therapy, such as patient risk stratification, 
cardiac rehabilitation, and remote monitoring of patient with implantable devices.
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Preface 
 

According to the American Heart Association, an overwhelming number of sudden 
cardiac deaths, estimated at about 400,000 per year, are thought to result from 
ventricular fibrillation, the most lethal of all cardiac rhythm disorders. Ventricular 
fibrillation is the breakdown of the organized electrical activity driving the heart's 
periodic pumping into disorganized self-sustained electrical activation patterns. A 
fibrillation episode results in the loss of cardiac outpu and, unless timely intervention 
takes place, death quickly ensues. Cardiac defibrillation, as achieved by the delivery of 
high-intensity electric shocks, is currently the only reliable treatment for ventricular 
fibrillation. Indeed, external defibrillators have long been used as standard therapy for 
ventricular fibrillation, and implantable cardioverter/defibrillators (ICDs) have been 
demonstrated to be an effective, lifesaving technology, superior to pharmacological 
therapy. Large, well-controlled prospective ICD trials have revolutionized the concept 
of sudden cardiac death prophylaxis. These studies have resulted in rapid growth of 
the patient populations for whom ICDs are indicated, with over 200,000 devices 
implanted every year throughout the world. In addition, over 100,000 external 
transthoracic defibrillators are installed in cardiac clinics, and a growing number of 
automatic external defibrillators are being used in public places and in households. 

The increasingly large and diverse populations of patients with ICDs have exposed 
some of the limitations of this clinical technology. Although mean defibrillation 
thresholds typically range from 7 to 11J, ICDs are designed to provide up to 40J 
shocks. This is to accommodate the nearly 25% of patients, which have higher 
defibrillation thresholds, requiring programming of the ICD at near maximum output. 
Clinical studies have recognized the desirability of reducing shock strength, and over 
200 papers have been published in the last 10 years on the topic of defibrillation 
thresholds. Reducing shock strength remains a major challenge to clinical 
defibrillation. 

Although ICD therapy has proved to be efficient and reliable in preventing sudden 
cardiac death, defibrillation is a traumatic experience. The therapy is painful and could 
be detrimental to cardiac function. Furthermore, clinical data from ICD trials have 
suggested that 6 out of 7 shocks delivered are classified as inadequate. Issues related to 
inappropriate and unnecessary shocks as well as patient risk stratification and post-
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ICD cardiac rehabilitation are essential to the delivery of appropriate care to ICD 
recipients. 

Additionally, certain special populations of patients are poorly served by current ICD 
technology. These include children and patients of small body size. Unique difficulties 
surround cardiac defibrillation in the pediatric population, including high rates of lead 
failure, frequent inappropriate therapy, and the mismatch of device and lead size to 
the body. 

Many of the advances in defibrillation have been accomplished through the 
developments in hardware and software and by experimental trial and error. Further 
advances in the clinical procedure of defibrillation will require increased knowledge of 
the basic mechanisms by which the electric fields interact with heart tissue. Therefore, 
research on defibrillation mechanisms, particularly aimed at developing low-voltage 
defibrillation strategies, remains an important basic science topic.  

The objective of this book is to present contemporary views on the challenges and 
implications of cardiac defibrillation, and specifically, on the subjects presented above. 
Basic science chapters elucidate questions such as lead configurations and the reasons 
by which a defibrillation shock fails. The chapters devoted to the challenges in the 
clinical procedure of defibrillation address issues related to inappropriate and 
unnecessary shocks, complications associated with the implantation of ICD devices, 
and the application of the therapy in pediatric patients and young adults. The book 
also examines the implications of defibrillation therapy, such as patient risk 
stratification, cardiac rehabilitation, and remote monitoring of patient with 
implantable devices.  

 
Natalia Trayanova, PhD 

Johns Hopkins University, MD, Baltimore  
USA 
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Mechanisms of Defibrillation Failure 
Takashi Ashihara1, Jason Constantino2 and Natalia A. Trayanova2 

1Shiga University of Medical Science, 
2Johns Hopkins University, 

1Japan 
2U.S.A. 

1. Introduction 
Since defibrillation by high-energy electric shocks is the only effective means for termination 
of ventricular fibrillation, defibrillation shocks are now widely used in clinical practice for 
prevention of sudden cardiac death. However, the high-energy shocks could result in 
myocardial dysfunction and damage (Runsio et al., 1997) and in psychological trauma 
(Maisel, 2006). Comprehensive understanding of the ventricular response to electric shocks 
as well as the mechanisms of defibrillation failure is the approach most likely to succeed in 
reducing shock energy. 
Recent experimental techniques, such as high-resolution mapping with multi-electrodes or 
optical recordings, have provided new characterizations of tissue responses to electric 
shocks. However, the mechanisms of the success and failure of defibrillation are not fully 
understood since the presently available experimental techniques, which provide detailed 
information about the myocardial surface (mostly epicardial) activity, are insufficient in 
resolving depth information during and after the electric shocks. Moreover, electrical or 
optical signal artifacts during the shock make it difficult for the researchers to get direct 
evidence regardig the mechanisms of electrical defibrillation. 
It has been demonstrated experimentally that after the delivery of shocks of strength near 
the defibrillation threshold (DFT) from an implantable cardioverter-defibrillator (ICD) 
device, the first global activation consistently arises focally on the left ventricle (LV) 
(Chattipakorn et al., 2001, 2003) following an isoelectric window (a quiescent period 
following the shock). Understanding the origins of the isoelectric window is thus of great 
importance for uncovering the mechanisms of defibrillation failure. Various hypothesis 
have been proposed for the existence of the isoelectric window, including virtual electrode-
induced propagated graded response (Trayanova et al., 2003), calcium sinkholes (Hwang et 
al., 2006), and activations emanating from Purkinje fibers (Dosdall et al., 2007); however, the 
mechanisms responsible for it remain inconclusive. 
In this context, we hypothesized that submerged “tunnel propagation” of postshock 
activation (PA) through shock-induced intramural excitable areas underlies both fibrillation 
induction and failed defibrillation by shocks as well as the existence of an isoelectric 
window. To test this hypothesis, we analyzed the global three-dimensional activity in 
ventricles with the use of a recently-developed realistic computer model of 
stimulation/defibrillation in the rabbit heart (Trayanova et al., 2002). Simulations with this 
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model, termed the rabbit bidomain model of defibrillation, have proven invaluable in 
understanding various aspects of the response of the heart to shocks (Rodriguez et al., 2005). 
The bidomain model is a continuum representation of the myocardium, which takes into 
account both intracellular and extracellular current distributions through the myocardium. 
The objectives of this book chapter are to demonstrate the use of the realistic three-
dimensional bidomain rabbit ventricular model and failed defibrillation in uncovering the 
mechanisms of fibrillation induction and defibrillation failure. 

2. Similarities between fibrillation induction and failed defibrillation 
An isoelectric window (Chen et al., 1986a), the quiescent period prior to the first global PA, 
has been experimentally documented following strong shocks. The presence of the 
isoelectric window following failed defibrillation attempts (Chen et al., 1986a; Shibata et al., 
1988b; Wang et al., 2001) led to the understanding that an electric shock terminates ongoing 
fibrillation but then reinitiates it. Hence, the mechanisms of fibrillation induction and its 
reinitiation (failed defibrillation) are considered to be the same. Thus, elucidating the origin 
of PAs resulting in fibrillation induction provides invaluable insight into the mechanisms of 
defibrillation failure and could contribute significantly in finding novel ways to appreciably 
lower the shock energy. 
Indeed, striking similarities between these mechanisms have been found, particularly with 
regard to the propagation of the first global PA and the duration of the isoelectric window 
(Shibata et al., 1988a, 1988b; Wang et al., 2001). The similarity is supported by the significant 
correlation between the upper limit of vulnerability (ULV) and DFT (Chen et al., 1986b; 
Swerdlow et al., 1998). Based on these facts, we first focused on the mechanism responsible 
for the earliest-propagating PA in fibrillation induction by the electric shock, and then we 
extend the study to defibrillation failure. 

3. Fibrillation induction following external shock 
First, we conducted simulations of fibrillation induction following uniform-field external 
shocks with the use of the rabbit bidomain ventricular model, extensively validated with 
experimental measurements (Rodriguez et al., 2005). Biphasic shocks were delivered via 
plate electrodes located in the vicinity of RV and LV free walls (Figure 1A). The ventricles 
were immersed in the perfusing bath. 
Figure 1B shows examples of arrhythmia non-induction and induction after 16- and 12-
V/cm shocks, which are just above and near the ULV, respectively. Virtual electrodes 
(regions of positive and negative membrane polarization) induced by the shock (shock end, 
0-ms panels) resulted in quick excitation of the ventricular surface (10-ms panels). Whereas 
no PA was induced by the 16-V/cm shock, for the 12-V/cm shock case, the earliest-
propagated PA (arrows in 55-ms panel) led to the establishment of ventricular fibrillation 
(VF) (80-ms panel) following an isoelectric window. 
The origin of the initiating PA following the 12-V/cm shock is analyzed in Figure 1C. The 
initiating PA originated at the boundary between a recovered area unaffected by the shock 
and the shock-induced depolarized area as a virtual electrode-induced propagated graded 
response (zigzag arrow in 10-ms panel). This occurred deep within the LV wall, and the 
initiating PA proceeded transmurally toward the LV epicardium (20-ms panel), where tissue 
had already recovered, and became the earliest-propagated PA. 
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Fig. 1. Fibrillation induction following external biphasic shock. 

4. Defibrillation failure following an ICD shock 
We then extended the simulation study to electrical defibrillation by nonuniform-field ICD 
shocks. Biphasic shocks were delivered via ICD electrodes, a catheter in RV and an active 
can in the bath near the posterior LV (Figure 2A). For near-DFT shock episodes, we 
examined PA origins, and we found that around half of the earliest-propagated PAs 
originated from shock-induced wavefronts and the other half from pre-existing wavefronts. 
This means that failed defibrillation for near-DFT shocks is not always associated with 
termination of pre-existing wavefronts and generation of new wavefronts by the shock. 
As shown in Figure 2B, the postshock excitable area in the RV after near-DFT shocks was 
directly depolarized by the shock and the one in the septum was immediately eradicated by 
break excitations elicited by the shock (black circles in 0- and 17-ms panels), whereas the 
main postshock excitable area was consistently located within the LV wall (red ellipsoid in 
17-ms panel) since ICD electrodes generate weak virtual electrode polarization across the 
thick LV wall. Thus, the majority of postshock LV excitable area resulted from pre-existing 
excitable gaps during VF at the time of shock. This means that the larger excitable area in the 
LV wall allowed for postshock wavefronts of different origins to propagate unobstructed, 
increasing the likelihood of defibrillation failure. Thus, defibrillation shock outcome was 
affected by the preshock state. 
As shown in Figure 2C, whereas the earliest-propagated PA arose on the epicardium 
immediately after the 75-V shock end (white arrows in top panel), the increase in shock 
strength to 100 V changed the type of the earliest-propagated PA into a delayed 
breakthrough after an isoelectric window (middle panel). Further increase in the shock 
strength to 175 V caused the prolongation of the isoelectric window from 35 to 50 ms 
(compare middle and bottom panels). These simulation results suggest that high strength 
shocks caused the entire epicardium to become refractory and created midmyocardial 
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affected by the preshock state. 
As shown in Figure 2C, whereas the earliest-propagated PA arose on the epicardium 
immediately after the 75-V shock end (white arrows in top panel), the increase in shock 
strength to 100 V changed the type of the earliest-propagated PA into a delayed 
breakthrough after an isoelectric window (middle panel). Further increase in the shock 
strength to 175 V caused the prolongation of the isoelectric window from 35 to 50 ms 
(compare middle and bottom panels). These simulation results suggest that high strength 
shocks caused the entire epicardium to become refractory and created midmyocardial 



 
Cardiac Defibrillation – Mechanisms, Challenges and Implications 

 

6 

excitable tunnel, through which a submerged initiating PA propagated during the isoelectric 
window, i.e., tunnel propagation occurred. After the isoelectric window, the initiating PA 
became the earliest-propagated PA, often reinitiating VF. 
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We classified the events depending on the origin of the initiating PA, which was either pre-
existing fibrillatory or shock-induced wavefront. 
Figure 3A shows an example of the tunnel propagation of pre-existing initiating PA after the 
near-DFT shock. A pre-existing fibrillatory epicardial wavefront (arrow in preshock panel) 
became submerged at shock end (arrow in 0-ms panel) and propagated within the 
midmyocardial tunnel following the 175-V shock (arrow in 20-ms panel). The tunnel 
formation and the submerging of the wavefront were due to the epicardium becoming 
refractory after this near-DFT shock (compare epicardial regions in 0- and 20-ms panels), 
resulting in an isoelectric window of LV epicardium. Tunnel propagation ended in a 
breakthrough (exit from the tunnel) on the near LV apex after the isoelectric window (32-ms 
panel), causing the shock to fail. 
In contrast, Figure 3B shows an example of the tunnel propagation of initiating PA induced 
by near-DFT shock. There was no pre-existing wavefront, resulting in initiating PA at shock 
end (0-ms panel). After the 125-V shock, a new shock-induced wavefront propagated 
intramurally through the LV tunnel (arrow in 16-ms panel), emerging focally on the LV 
epicardium after the isoelectric window (34-ms panel), and causing the shock to fail. 

5. Implications of the tunnel propagation hypothesis 
The external monophasic shock study from our group (Rodriguez et al., 2005) demonstrated 
that shock outcome and the type of postshock arrhythmia depend on the distribution of the 
intramural excitable area (tunnel) formed by shock-induced deexcitation of previously 
refractory myocardium. We extended these findings and proposed the “tunnel propagation” 
hypothesis (Ashihara et al., 2008) for shock-induced arrhythmiogenesis that unifies all 
known aspects and findings regarding the postshock electric behavior of the heart, e.g., 
mechanisms of PA origin and isoelectric window after electric shocks, and the increase in 
isoelectric window duration for high strength shocks. Furthermore, we found that the 
tunnel propagation hypothesis is applicable to not only arrhythmia induction with external 
uniform-field shocks (Ashihara et al., 2008) but also defibrillation failure following 
nonuniform-field ICD shocks (Constantino et al., 2010). 
As previously suggested by the ULV hypothesis (Chen et al., 1986a; Shibata et al., 1988b; 
Wang et al., 2001), failed defibrillation by near-DFT shock may result from the reinitiation of 
VF following the isoelectric window since the pre-existing VF is entirely terminated by the 
shock (Figure 4A). If this is the case, the shock outcome must not be affected by the preshock 
state of ventricles. However, both defibrillation shock outcome and the DFT have 
probabilistic nature (Davy et al., 1987; Yashima et al., 2003). The tunnel propagation 
hypothesis (Figure 4B) explains surmises that for successful defibrillation, pre-existing 
wavefronts may not be terminated by the strong shock but instead remain hidden in the 
intramural tunnel, in contrast to what was previously believed. Moreover, the tunnel 
propagation hypothesis can link defibrillation shock outcome to the preshock state of the 
ventricles. Based on the tunnel propagation hypothesis, both pre-existing and new shock-
induced wavefronts propagate through the intramural excitable tunnel during the isoelectric 
window before the reinitiation of VF (defibrillation failure), and therefore the probability of 
defibrillation failure varies depending on the timing of shock delivery during VF. In fact, 
here we observed in the simulations that postshock propagation within the LV mid-
myocardium was strongly dependent on preshock state. 
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Fig. 4. Comparison between the previous hypothesis for VF reinitiation and the tunnel 
propagation hypothesis. 

However, the concepts proposed here do not limit the origin of the initiating PAs; these 
might have alternative origins, such as Purkinje fibers (Dosdall et al., 2007). The tunnel 
hypothesis is independent of the origin of wavefronts that propagate through it. 
The increase in isoelectric window after high strength shock can also be explained by the 
prolongation of the epicardial refractoriness (surface polarization), resulting in the longer 
tunnel propagation. This is because intramural virtual electrode polarization is lower 
magnitude than surface polarization (Entcheva et al., 1999) and thus the LV mid-
myocardium, less affected by the shock, still contributes to the excitable tunnel even for 
higher strength shocks. 
Considering the high probability of the existence of the postshock excitable tunnel even for 
above-DFT shocks, defibrillation success may be explained by the fact that initiating PAs, 
originating within the wall, cannot find an excitable exit onto the epicardium and die out in 
the mid-myocardium. Obtaining such insight into the mechanisms of defibrillation would 
have been impossible with the use of experimentation alone. 

6. Conclusion 
The tunnel propagation hypothesis, as part of the set of mechanisms operating during 
defibrillation, is expected to shed light on possible strategies for lowering DFT as well as for 
developing new defibrillation devices. 
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1. Introduction

Only relatively recently have we begun to understand how defibrillation shocks work on
the mechanistic level (Cheng et al., 1999; Trayanova & Skouibine, 1998). Virtual electrode
polarization has offered a plausible mechanism for explaining far field effects of defibrillation
shocks. However, this body of work has not considered the role of the specialized cardiac
conduction system, the Purkinje System (PS), in the defibrillation process.
Despite its crucial role in activation, relatively little is known about the role of the PS in
defibrillation. This is due to several factors which make recording from it challenging: The
PS is a fine structure lying on the endocardium which makes it difficult to see and impale
with microelectrodes. While Langendorf preparations allow easy access to the epicardium for
optical recordings, the PS lies on the endocardium and is, therefore, much harder to access
while maintaining the integrity of the ventricles. Depending on species, the PS penetrates
various depths into the myocardium, masking midmyocardial activation. Plunge electrodes
are one option for recording from the midmyocardium, but amplifier saturation immediately
following large shocks would lose important information. Since the PS fibres are fine,
the signals produced by them are very small and get easily swamped by signals from the
myocardium. This is true for both electrical and optical recordings. Computer modelling,
therefore, offers an attractive platform for studying the role of the PS in defibrillation, since
the electrical activity everywhere in the system is known and can be visualized.

2. Description of the Purkinje System

The specialized conduction system begins at the atrioventricular node with the bundle of His.
The His bundle runs through the ventricular septum, and bifurcates into the left and right
Tawara branches, which further subdivide into major fascicles and later form a network on
the endocardial surface. There are three major fascicles in the left ventricle, and two in the
right.
A large portion of the conduction system is located within the ventricular cavities and is
termed free running. Fibres that run within the ventricular walls are very difficult to visualize,
requiring histological examination. Referring to the PS network as a tree is incorrect since,
unlike true tree structures, fibres follow paths which join back together and at the final level,
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forming more of a mesh-like topology. This may give redundancy to the network so that a
part of the PS may fail without comprising sinus activation.
Segments of the PS run as bundles wrapped in collagen sheaths. This is easily seen in the
bundle of His, which is a large trunk of many fibres. At branch points of thicker fibre bundles,
individual fibres do not bifurcate. However, in the distal PS, where a network segment may be
formed from a few fibres, individual fibres may branch. Longitudinal coupling is very strong,
while lateral connections are sparser.
The PS is electrically isolated from the myocardium except for the termini of the network,
where Purkinje-Myocyte Junctions (PMJs) are formed. While the PS can be selectively
stained and visualized on the endocardium, determining PMJ locations is difficult. PMJs
may be located well within the ventricular wall, which means that histological examination is
necessary. Currently, the number of functional PMJs is not well characterized. Although the
density of the PS on the endocardium appears high, the number of penetrating segments is
unknown, as is the number of PMJs that successfully transmit pulses (Morley et al., 2005).
There are significant species differences in the degree of transmural penetration of terminal
PS fibres. Species can roughly be grouped into three categories (Canale et al., 1986): Group
1 comprises the ungulates which have deeply penetrating fibres, reaching almost to the
epicardium. Group 2 includes primates and carnivores which have PS termini that penetrate
about 1/3 of the way through the wall. Group 3 contains rodents with very little penetration
of the PS into the myocardial wall. This factor may be especially important for interpreting
experimental results between species.

3. Modeling methods

Modelling the reaction of the of the ventricles and PS to defibrillation shocks is a
computationally demanding task since the timestep during the defibrillation pulse must be
very small. This is because high field strengths induce rapid changes in model parameters,
and numerical instabilities may develop Vigmond et al. (2008). Lastly, ionic models are
developed under normal physiological conditions. Defibrillation shocks are outside the
bounds of the models developed so additional measures need be taken such as adding an
ionic current to properly account for high voltage responses Ashihara & Trayanova (2004).
The bidomain equations are the most complete macroscopic description of cardiac tissue,
even being predictive of polarization patterns(Sepulveda et al., 1989) induced by extracellular
stimulation. They can be cast into a elliptical and parabolic equation:

∇ · (σi + σe)∇φe = −∇ · σi∇Vm − Ie (1)

∇ · σi∇Vm = −∇ · σi∇φe + βIm (2)

where subscripts i and e denote intra- or extracellular quantities respectively, φ is potential,
σ̄ is the conductivity tensor, Ie is an applied extracellular stimulus current, β is the surface
to volume ratio, and Im is the transmembrane current. Another set of ordinary differential
equations is required to model the flow of the ions across the cell membrane and is
embedded in Im. These equations can be solved using an operator splitting method where
extracellular potential (Eqn. 1), ionic currents, and the transmembrane voltage (Eq. 2 are
solved sequentially (Vigmond et al., 2008).
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The system is solved by using the finite element method. In our simulations, rabbit ventricular
geometry (Vetter & McCulloch, 1998) was discretized at approximately 350 μm resolution
resulting in about 550,000 nodes comprising the myocardium and another 300,000 nodes
comprising the cavities and a surrounding bath. The PS was modelled as a network of one
dimensional cubic Hermite finite elements added within the myocardial mesh (Vigmond &
Clements, 2007). Two methods have been used to generate PSs for computer modelling
studies: One approach is more generic and does not rely on mapping a particular PS.
The endocardia of the two ventricles are unrolled and the PS drawn on according to basic
physiological principles outlined in the preceding section (Vigmond & Clements, 2007). A
fractal method could be used to further increase the endocardial mesh density (Ijiri et al.,
2008). The second approach uses high resolution imaging to reconstruct the free running PS
(see Fig. 1). This may further be augmented by staining the PS to reveal the endocardial
mesh. With either method, the insertion of the PS into the myocardium must follow a
rule-based method since the PS cannot be imaged within the myocardium, but requires
careful histological examination, electron microscopy or genetic tagging (Miquerol et al.,
2004). to reveal its transmural course (Ono et al., 2009). Furthermore, while the endocardial
network appears dense, the number of functional PMJs is far less (Morley et al., 2005).
The one-dimensional cubic Hermite finite elements are only electrically connected to the
myocardium at end points through gap junctions. Due to their higher polynomial order, cubic
Hermite elements possess the property that they can enforce current continuity at junctions,
as well as at PMJs. Discretization of the PS was at the cellular length level with discrete gap
junctions.
Since the discretization of the finite element model is much coarser than the actual physical
PMJ structure, a phenomenological approach is followed whereby a single PS terminus
stimulates a volume of myocardium. The current flowing from the PS into a myocardial node
is given by

iPMJ =
1

RPMJ
(VPS

m − Vmyo
m ) (3)

and iPMJ is treated as an intracellular stimulus by the myocardium.
From the PS perspective, the currents are handled as explicit boundary conditions:

iL =
1

K RPMJ
∑

j
(VPS

m − Vmyo
m,j )iL = (4)

where j is the set of myocardial nodes coupled to a PS terminus, and K is a scaling factor
which accounts for the current amplification by transitional cells which occurs at scales finer
than that discretized. By setting RPMJ and K, it is possible to recreate asymmetric propagation
across the PMJ with an anterograde transmission delay on the order of 5 ms and retrograde
transmission delay on the order of 1 ms as observed experimentally Huelsing et al. (1998);
Wiedmann et al. (1996).

4. Role in fibrillation

It is important to first understand the role of the PS in fibrillation. It has been implicated
as a major player in the initiation and maintenance of fibrillation. First, the PS can be a
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forming more of a mesh-like topology. This may give redundancy to the network so that a
part of the PS may fail without comprising sinus activation.
Segments of the PS run as bundles wrapped in collagen sheaths. This is easily seen in the
bundle of His, which is a large trunk of many fibres. At branch points of thicker fibre bundles,
individual fibres do not bifurcate. However, in the distal PS, where a network segment may be
formed from a few fibres, individual fibres may branch. Longitudinal coupling is very strong,
while lateral connections are sparser.
The PS is electrically isolated from the myocardium except for the termini of the network,
where Purkinje-Myocyte Junctions (PMJs) are formed. While the PS can be selectively
stained and visualized on the endocardium, determining PMJ locations is difficult. PMJs
may be located well within the ventricular wall, which means that histological examination is
necessary. Currently, the number of functional PMJs is not well characterized. Although the
density of the PS on the endocardium appears high, the number of penetrating segments is
unknown, as is the number of PMJs that successfully transmit pulses (Morley et al., 2005).
There are significant species differences in the degree of transmural penetration of terminal
PS fibres. Species can roughly be grouped into three categories (Canale et al., 1986): Group
1 comprises the ungulates which have deeply penetrating fibres, reaching almost to the
epicardium. Group 2 includes primates and carnivores which have PS termini that penetrate
about 1/3 of the way through the wall. Group 3 contains rodents with very little penetration
of the PS into the myocardial wall. This factor may be especially important for interpreting
experimental results between species.

3. Modeling methods

Modelling the reaction of the of the ventricles and PS to defibrillation shocks is a
computationally demanding task since the timestep during the defibrillation pulse must be
very small. This is because high field strengths induce rapid changes in model parameters,
and numerical instabilities may develop Vigmond et al. (2008). Lastly, ionic models are
developed under normal physiological conditions. Defibrillation shocks are outside the
bounds of the models developed so additional measures need be taken such as adding an
ionic current to properly account for high voltage responses Ashihara & Trayanova (2004).
The bidomain equations are the most complete macroscopic description of cardiac tissue,
even being predictive of polarization patterns(Sepulveda et al., 1989) induced by extracellular
stimulation. They can be cast into a elliptical and parabolic equation:

∇ · (σi + σe)∇φe = −∇ · σi∇Vm − Ie (1)

∇ · σi∇Vm = −∇ · σi∇φe + βIm (2)

where subscripts i and e denote intra- or extracellular quantities respectively, φ is potential,
σ̄ is the conductivity tensor, Ie is an applied extracellular stimulus current, β is the surface
to volume ratio, and Im is the transmembrane current. Another set of ordinary differential
equations is required to model the flow of the ions across the cell membrane and is
embedded in Im. These equations can be solved using an operator splitting method where
extracellular potential (Eqn. 1), ionic currents, and the transmembrane voltage (Eq. 2 are
solved sequentially (Vigmond et al., 2008).

12 Cardiac Defibrillation – Mechanisms, Challenges and Implications The Role of the Purkinje System in Defibrillation 3

The system is solved by using the finite element method. In our simulations, rabbit ventricular
geometry (Vetter & McCulloch, 1998) was discretized at approximately 350 μm resolution
resulting in about 550,000 nodes comprising the myocardium and another 300,000 nodes
comprising the cavities and a surrounding bath. The PS was modelled as a network of one
dimensional cubic Hermite finite elements added within the myocardial mesh (Vigmond &
Clements, 2007). Two methods have been used to generate PSs for computer modelling
studies: One approach is more generic and does not rely on mapping a particular PS.
The endocardia of the two ventricles are unrolled and the PS drawn on according to basic
physiological principles outlined in the preceding section (Vigmond & Clements, 2007). A
fractal method could be used to further increase the endocardial mesh density (Ijiri et al.,
2008). The second approach uses high resolution imaging to reconstruct the free running PS
(see Fig. 1). This may further be augmented by staining the PS to reveal the endocardial
mesh. With either method, the insertion of the PS into the myocardium must follow a
rule-based method since the PS cannot be imaged within the myocardium, but requires
careful histological examination, electron microscopy or genetic tagging (Miquerol et al.,
2004). to reveal its transmural course (Ono et al., 2009). Furthermore, while the endocardial
network appears dense, the number of functional PMJs is far less (Morley et al., 2005).
The one-dimensional cubic Hermite finite elements are only electrically connected to the
myocardium at end points through gap junctions. Due to their higher polynomial order, cubic
Hermite elements possess the property that they can enforce current continuity at junctions,
as well as at PMJs. Discretization of the PS was at the cellular length level with discrete gap
junctions.
Since the discretization of the finite element model is much coarser than the actual physical
PMJ structure, a phenomenological approach is followed whereby a single PS terminus
stimulates a volume of myocardium. The current flowing from the PS into a myocardial node
is given by

iPMJ =
1

RPMJ
(VPS

m − Vmyo
m ) (3)

and iPMJ is treated as an intracellular stimulus by the myocardium.
From the PS perspective, the currents are handled as explicit boundary conditions:

iL =
1

K RPMJ
∑

j
(VPS

m − Vmyo
m,j )iL = (4)

where j is the set of myocardial nodes coupled to a PS terminus, and K is a scaling factor
which accounts for the current amplification by transitional cells which occurs at scales finer
than that discretized. By setting RPMJ and K, it is possible to recreate asymmetric propagation
across the PMJ with an anterograde transmission delay on the order of 5 ms and retrograde
transmission delay on the order of 1 ms as observed experimentally Huelsing et al. (1998);
Wiedmann et al. (1996).

4. Role in fibrillation

It is important to first understand the role of the PS in fibrillation. It has been implicated
as a major player in the initiation and maintenance of fibrillation. First, the PS can be a

13The Role of the Purkinje System in Defibrillation



4 Will-be-set-by-IN-TECH

source of focal firing. Chemical ablation of the PS by Lugol’s solution, to selectively remove
the endocardial layer and the PS embedded within it, has been shown to greatly diminish
repetitive endocardial focal discharges and eliminate sustained VF (Wu et al., 2009). Part
of this comes from the intrinsic nature of the Purkinje cells, which are resistant to ischemia
because of large glycogen stores (Streit, 1987). This is especially important in long duration
VF, at which point much of the myocardium has been compromised.
Second, the PS can provide alternative pathways for reentrant pathways. This is supported
by experiments wherein chemical ablation of the PS has also been shown to reduce the
inducibility of ventricles to VF(Armiger & Knell, 1988; Dosdall et al., 2008) In agreement,
computer simulations have also shown an increase in VF vulnerability to large shocks when
a PS is present (Deo et al., 2009). Several factors were identified which were responsible for
the arrhythmogenic influence of the PS: 1) The presence of a PS produces more activations,
which directly lead to reentrant activity. 2) The frequency of scroll waves is increased since
the PS accelerates conduction. This acceleration may be visible as a breakthrough occurring
ahead of the wavefront, or it may not be visible since the breakthroughs become coincident
with the wavefront. This latter synchronization of activity starts to occur after several cycles.
3) Refractory tissue forms small islands around the PMJs, which induce more wavebreaks
when a wavefront tries to propagate through the region. Finally, 4) the PS can provide escape
pathways for wavefronts which would otherwise die by running into refractory tissue.
The PS affects fibrillation in many ways. Exposure to a large shock may disrupt pathways
through the PS to terminate reentry, or ectopically firing PS cells may be reset. Disruption
by an external shock may, therefore, influence reentrant activity but exactly how these factors
relate remains to be elucidated.

5. Response to electric fields

The response of myocardial tissue to a strong electric shock depends on the orientation of
the cells with respect to the electric field and how conductivity changes with respect to the
direction of the electric field. This is seen in the expression for the generalized activating
function, S (Sobie et al., 1997):

S = Gi : ∇(∇φe) + (∇ · Gi) · ∇φ (5)

where the colon signifies the matrix inner product. Looking at the two terms, activation can
result from a gradient in the electric field, or from the irrotational portion of the conductivity
field. Conductivity must be defined as a spatially-dependent tensor since its directional
properties are determined by cellular orientation, which varies throughout the heart. This
directional dependence arises from gap junction connectivity, which allows current to most
easily flow longitudinally and experiences the highest resistance flowing across laminar sheets
(Legrice et al., 1997).
The PS is essentially a network of one dimensional cables which repeatedly bifurcate and
unify. In addition to the complex topology, the PS fibres undergo sudden changes in
direction, as well as have termini which abruptly end. These properties all get reflected
in the conductivity tensor. The complicated path of the fibres ensures that at least part
of the PS is aligned in such a way as to be excited by the applied electric field. The end
of the fibre is an abrupt discontinuity to zero conductivity outside of the fibre. Terminal

14 Cardiac Defibrillation – Mechanisms, Challenges and Implications The Role of the Purkinje System in Defibrillation 5

fibre segments which are aligned with the electric field will, therefore, have transmembrane
potentials induced. Ends which face the cathode will be depolarized while ends facing the
anode will be hyperpolarized.
The effect of field stimulation is shown in Fig. 1, where an MRI-derived isolated rabbit PS
is exposed to shocks. The normal activation pattern is shown for reference, where it can be
seen that it takes more than 30 ms for the entire network to be excited. When a shock is
applied, many regions are excited simultaneously, not just one. This greatly abbreviates the
excitation time of the tree and consequently, will result in near synchronous activation of the
myocardium.

Fig. 1. Response of MRI-derived rabbit Purkinje System to electric fields. A: Normal
activation starting at the proximal His bundle. B: 2.5 ms 125 mA point current source in the
right ventricle C: 3 ms uniform 5 V/cm field oriented along the major axis of the heart. Color
indicates transmembrane voltage. Times are given relative to stimulus onset.

Even on the cellular level, the PS reacts differently to high voltage shocks compared to
ventricular myocytes. Using a papillary muscle preparation, Li et al. (1993) found that above
a field strength of 20 V/cm, shocks induced a baseline shift and high frequency bursting in PS
cells. In contrast, the ventricular myocytes entered a refractory state immediately after large
shocks.
Thus, the PS is easily excited by electric field. Due to its one-dimensional nature and complex
fibre trajectories, some part of it is always in a position to be excited by the field. This leads to
rapid activation of the PS and, hence, of the myocardium connected through the PMJs. This
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Fig. 2. Response of the quiescent ventricles and PS to a 2.5 V/cm shock. Field orientation is
along the long axis, as shown in A. When the PS is present, additional far-field activations
can be seen on the endocardial surface.

will tend to be antiarrhythmic since the excitable gaps, which allow activity to keep exciting
recovered tissue, will be more quickly consumed.

6. Quiescent ventricle studies

Simulations of the application of defibrillation-strength shocks to the quiescent ventricles with
and without PS allow for the contribution of the PS to be identified. When stimulation is
applied, large polarization gradients form in segments of the PS that are parallel to the electric
field. The myocardium is also subject to excitation by direct and virtual electrode stimuli,
but activation patterns in the two tissues do not necessarily coincide since PS fibres do not
always run in the same direction as underlying ventricles cells. Furthermore, current flow
in PS fibres is physically constrained and excitation spreads rapidly through the network, so
even very weak shocks produce rapid excitation of the entire network. Thus, under the right
circumstances, the contribution of the PS to the response of the quiescent ventricles can be
remarkable.
Consider Fig. 2, where a 2.5 V/cm field is applied along the long axis of the heart (from apex
to base). Far-field excitations on the endocardial surface due to anterograde transmission
of shock-induced activity in the PS is clearly visible (A); the presence of these effects is due
to rapid propagation in the PS (B) and the relative lack of myocardial excitation from the
field, which can be seen explicitly in the ventricles-only response (C). Consequently, the total
ventricular activation time (tact) is dramatically abbreviated.
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X Y Z
PS+ PS− % ↓ PS+ PS− % ↓ PS+ PS− % ↓

–2.5 V/cm 55.7 100.1 44.3 29.3 29.8 1.6 28.4 29.1 2.2
+2.5 V/cm 41.1 63.1 34.8 26.1 26.9 3.2 28.2 29.4 4.1

–5 V/cm 43.1 67.0 35.6 28.3 28.4 0.1 28.2 28.3 0.3
+5 V/cm 33.6 57.3 41.4 24.6 24.8 1.0 27.5 27.7 0.7

–7.5 V/cm 37.3 42.4 12.1 28.2 28.2 0.2 28.5 28.3 0.5
+7.5 V/cm 30.7 38.3 19.9 22.6 23.2 2.2 27.6 27.7 0.3
–10 V/cm 30.0 36.1 17.0 28.4 28.3 0.3 28.1 28.0 0.5
+10 V/cm 30.1 34.5 12.6 22.4 22.4 0.0 27.8 27.9 0.2

Table 1. Total activation time (tact) with and without PS. tact was measured between the
beginning of the shock and complete ventricular activation for four shock strengths in six
directions, as described in the text.

In terms of tact, the contribution of the PS to the response of the quiescent ventricles is only
significant in cases where myocardial tissue in the vicinity of Purkinje-myocardial junctions
(PMJs) is not excited by the shock. For the simulations discussed here, three orthogonal
orientations were tested–along the long axis (X), across the septum (Y), and along the septum.
As shown in the tabulated results for all simulations (Tab. 1), significant tact abbreviation was
only observed for shocks in the X direction.

Fig. 3. Local activation times for different field orientations, 2.5V/cm shock. Early
activations due to PS activation make the biggest difference for shocks in the X direction,
where myocardium near the PS is not significantly activated by the field. For shocks in the Y
and Z differences, the PS causes some regions to activate much earlier (i.e. LV endocardial
free-wall for Y), but overall activation time is not significantly abbreviated.

Interestingly, while the PS did not have a significant effect on tact for shocks in the Y and
Z directions, it did sometimes alter the pattern of local activation. For example, as shown in
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Z directions, it did sometimes alter the pattern of local activation. For example, as shown in
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Fig. 3, a weak shock in the Y direction resulted in much earlier activation of the LV endocardial
free-wall due to PS excitations. Although tact did not differ between simulations with and
without the PS in this case, the modified order of activation could have consequences on
subsequent beats due to gradients in refractoriness that might arise from local heterogeneity.

Fig. 4. Local activation times for different field strengths along the long axis. As shock
strength increases, the role of the PS in the response of the quiescent ventricles is diminished,
since the field causes excitation in a larger amount of myocardium. For the strongest shock
(10 V/cm) only a few regions near PMJs, particularly in the septal region, contribute to tact
abbreviation. Stronger shocks abbreviate the activation delay between coupled PS and
ventricular cells.

Increasing shock strength resulted in larger regions of myocardial polarization from the field,
which effectively reduced the importance of the PS contribution in the response; this accounts
for the diminishing returns in tact abbreviation for shocks in the X direction, which is obvious
in Tab. 1. As shown in Fig. 4, for the strongest shocks along the long axis simulated in this
study, the primary source of tact abbreviation was early activation of the septum, which is not
easily excited by such shocks.
Interestingly, increased shock strength seemed to hasten the local effects of PS on
endocardium. For example, in Fig. 4A, consider the dark regions on the endocardial surfaces,
which are associated with early activation due to PS excitation. As the strength of stimulation
increases (left to right), these regions become darker and larger, suggesting an abbreviation of
anterograde transmission delay, perhaps due to the larger gradients in polarization. These
observations were confirmed by inspecting voltages at the junctional voltage level (not
shown), where the delay between coupled PS and ventricular cell upstroke was found to be
almost uniformly shorter for larger shocks.

7. Isoelectric window

In general, shocks above a certain minimal strength result in sustained reentry; however,
there is also a threshold for a maximum strength above which reentry is not induced. This
Upper Limit of Vulnerability (ULV) is an important measure since it tends to correspond to
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the Defibrillation Threshold (DFT)–the minimum shock strength necessary to halt ventricular
fibrillation(Chen, Shibata, Dixon, Martin & Ideker, 1986). The ULV is particularly valuable
as an easier to find surrogate measurement for DFT. Thus, insights on the ULV will provide
insight on the DFT, which is of direct clinical importance.
Following failed defibrillation shocks near the ULV, there is a period of time during which new
activity is not seen on the epicardium.(Chen, Shibata, Dixon, Wolf, Danieley, Sweeney, Smith
& Ideker, 1986) This Isoelectric Window (IW) can be considerable, on the order of tens of
milliseconds. It ends when activations break through on the epicardium and reentry resumes.
Many long-standing questions surround this phenomenon: What is the nature of concealed
activity during the IW? What is the mechanism that allows it to remain hidden for such a long
time? Some researchers have argued that the PS plays an important role;(Dosdall et al., 2010)
others have proposed the tunnel propagation theory, which suggests that cardiac surfaces are
driven into refractory states and post-shock activity is confined to a thin transmural space
with no excitable path to the epicardium.(Ashihara et al., 2008; Constantino et al., 2010) Some
time later, the surface tissue recovers from refractoriness and activations break through. While
the computer simulations carried out to construct this hypothesis were carefully constructed,
it must be noted that they did not include a model of the PS.
For the purpose of comparison, we performed a set of simulations with the PS. A cross-shock
protocol was applied with the second shock near the ULV to identify possible contributions of
the PS during the IW. First, the ventricles were excited, either by transmembrane stimulation
at the apex or by His bundle current injection. The former emulates experimental preparations
while the latter results in a more physiological excitation pattern. During ventricular
repolarization, a shock with appropriate strength and timing to induce arrhythmia was
delivered by parallel plates, with the extracellular electric field oriented along the short axis
of the heart.

7.1 Effects of varying coupling intervals and shock strengths on IW
Fig. 5 shows IW duration within the window of vulnerability for various combinations
of shock timing–i.e. the coupling interval (CI)–and strength. For the AP+PS pre-shock
configuration (A), the average IW decreased from 36 to 21 ms as CI increased from 145 to
155 ms. Similar IW gradients were seen for decreasing CI within the AP-PS (B) and His (C)
configurations, from 49 to 34 ms and from 37 to 19 ms, respectively.
A similar trend was observed for increasing shock strength. In the AP+PS and His
cases, where IW duration was determined by the time between the shock and the first
PS-to-myocardial activation, the average IW decreased with increasing shock strength. For
AP+PS, shocks ranging from 3.3 to 9 V/cm produced average IWs between 33 and 23 ms; for
increasing shock strengths within the His configuration, IWs decreased from 31 to 20 ms. In
the AP-PS configuration, where IW duration was determined by the spread of shock-induced
activations in the apical region, average IW was reduced from 47 to 34 ms as shock strength
increased from weakest to strongest. In the AP+PS and His cases, the PS was actively involved
in the generation of first post-shock activity, so it was unsurprising that the IW was shorter
than in AP-PS, where the PS was absent. This observation supports the hypothesis that the PS
plays an important role in the immediate response to defibrillation shocks.
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Fig. 5. IW duration for various combinations of shock strength and timing for three reentry
induction protocols: (A) apical pacing with the PS (AP+PS), (B) apical pacing without the PS
(AP-PS), and (C) His pacing. In general, longer CIs lead to shorter IWs.

7.2 First post-shock activation and the IW period
Activations were always observed in the PS immediately following the shock. During AP+PS
runs, the first post-shock myocardial activation emanated from the PS 11 ms after the shock.
After 15 ms, significant endocardial activation had occurred, as shown in Fig. 6(a). This
is shorter than clinically-observed IWs due to the significant delay during which excitation
propagates from the site of transmission to the epicardium. Fig. 6(b) shows the appearance
of PS activations on the epicardium 23 ms after the shock; in most shocks applied to models
with the PS during the vulnerable period, this pattern of excitation led to the first epicardial
breakthrough. Note that the epicardial activation site is immediately opposite the endocardial
PS insertion point. Mechanistically, the first PS activation initiated an endocardial rotor, which
led to an epicardial activation (black arrow in Fig. 6); the underlying pattern of transmural
activation is clearly shown.
As discussed earlier in this chapter, the distinct physiology and geometry of the PS lead
to different polarization patterns than in the myocardium; in these simulations, the earliest
post-shock activation was always observed within the PS. Excitation spread rapidly through
the network and coupled myocardial tissue was activated by anterograde transmission. Thus,
the first post-shock ventricular activation always emanated from the PS. In simulations
without the PS, large gradients were induced near the apical region, leading to post-shock
wavefronts.
Most experimental studies that reported an IW after defibrillation-level shocks mapped only
epicardial or endocardial surfaces. Recently, Dosdall et al. (Dosdall et al., 2007) observed
epicardial and subepicardial activations in pigs soon after shocks. Since the PS in pigs
exhibits full transmural insertion (Chattipakorn et al., 2003), it is plausible that these mapped
activations were first post-shock excitations provided by the PS. Furthermore, the earliest
myocardial activations recorded were preceded by Purkinje potentials, which is in agreement
with our findings. To the best of our knowledge, this is the first attempt to map PS activations
following defibrillation. While limited spatial resolution prevented the authors from stating a
clear conclusion, the results suggest that our simulation results are a step in the right direction.
Other studies have observed endocardial or intramural activations that broke through to the
epicardium 42 ms post-shock in sheep hearts (Evans & Gray, 2004). Given the fact that the
PS terminates in the subendocardium in sheep,(Ansari et al., 1999) these observations are also
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Fig. 6. Earliest postshock activation. (a) The first activation emanating from the PS 15 ms
after the shock is clearly seen in the endocardial cross-section. (b) After 23 ms, the PS
activation provides a focal breakthrough on the epicardium. Note the breakthrough site
(arrow) is situated opposite the PS insertion point. Transmural depolarization due to the
earliest postshock activation is evident. The right panel of (a) shows the LV endocardial free
wall while the right panel of (b) shows a cross-section perpendicular to the septum with the
posterior surface hidden.

consistent with our findings. Our study involves a smaller heart size, which explains the
reduced IW durations compared to experimental values discussed here.
In our simulations, the PS was always strongly excited by the shock. In some
cases, we observed midwall excitations similar to those observed in tunnel propagation
studies.(Ashihara et al., 2008; Constantino et al., 2010) These were isolated by surface
refractoriness, with excitable tissue confined to intramural paths. However, activations that
originated in the PS broke through more quickly than purely myocardial midwall excitations,
as shown in Fig. 7. Rapid conduction in the PS ensured that this happened consistently.
To further test our hypothesis that the PS was the source of epicardial breakthroughs following
the IW, we changed the transmural insertion depth of PS endpoints. Figure 8 shows that the
IW duration is dramatically reduced when the PS penetrates to the subepicardial layer. This
is consistent with the PS being the primary source of post-shock epicardial activations due to
rapid field-induced activations: deeper penetration brings PS fibres closer to the epicardium,
so it makes sense that the IW is shorter. We observed that IW duration varied from 12 ms
(full insertion) to 30 ms (no insertion). Epicardial breakthrough sites remained the same in
all simulations for a given insertion depth; these sites were consistently situated opposite PS
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post-shock activation was always observed within the PS. Excitation spread rapidly through
the network and coupled myocardial tissue was activated by anterograde transmission. Thus,
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activations were first post-shock excitations provided by the PS. Furthermore, the earliest
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with our findings. To the best of our knowledge, this is the first attempt to map PS activations
following defibrillation. While limited spatial resolution prevented the authors from stating a
clear conclusion, the results suggest that our simulation results are a step in the right direction.
Other studies have observed endocardial or intramural activations that broke through to the
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PS terminates in the subendocardium in sheep,(Ansari et al., 1999) these observations are also
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consistent with our findings. Our study involves a smaller heart size, which explains the
reduced IW durations compared to experimental values discussed here.
In our simulations, the PS was always strongly excited by the shock. In some
cases, we observed midwall excitations similar to those observed in tunnel propagation
studies.(Ashihara et al., 2008; Constantino et al., 2010) These were isolated by surface
refractoriness, with excitable tissue confined to intramural paths. However, activations that
originated in the PS broke through more quickly than purely myocardial midwall excitations,
as shown in Fig. 7. Rapid conduction in the PS ensured that this happened consistently.
To further test our hypothesis that the PS was the source of epicardial breakthroughs following
the IW, we changed the transmural insertion depth of PS endpoints. Figure 8 shows that the
IW duration is dramatically reduced when the PS penetrates to the subepicardial layer. This
is consistent with the PS being the primary source of post-shock epicardial activations due to
rapid field-induced activations: deeper penetration brings PS fibres closer to the epicardium,
so it makes sense that the IW is shorter. We observed that IW duration varied from 12 ms
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Fig. 7. Transmural postshock activations in the septum (top) and LV free wall (bottom).
White arrows indicate the propagation pathways of transmural wavefronts; black arrows
indicate epicardial breakthrough sites (a)-(d) or PS-induced propagating activity (e). In (a)
and (b), the response to a 10 ms shock is shown in the absence of the PS. Activations originate
in the septum and propagate through the free wall. In (c) and (d), similar activations are seen
following a 5 ms shock using the AP+PS configuration. Wavefronts originating from PS
transmission arrive at the epicardium before shock-induced myocardial wavefronts. (e)
shows the response to an even shorter shock (3 ms) for the same configuration. Dashed lines
represent cross-section planes relative to the top and bottom views. Vm is shown with the
same color scheme used in Fig. 1.

insertion points. While IW abbreviation was indisputable for the fully-penetrating PS, it was
less clear for cases where the PS terminated in the midwall. Notably, these cases were subject
to a higher degree of variability from sample to sample, which could be the result of surface
polarization blocking PS activity.
In our model, rapid conduction through the PS was the source of the epicardial breakthrough
terminating the IW. However, there are several limitations and differences with Trayanova’s
work. We only considered monophasic defibrillation shocks while her group considered
biphasic shocks which would lead to different postshock surface states. Our modelling of the
PS cell response to large shocks may not be accurate. This is true for all ionic models where
behavior outside of the physiological voltage range is not well characterized. If PS conduction
became compromised due to a field induced conduction block, or refractory myocardium
prevented anterograde transmission across the PMJs, then the tunnel propagation mechanism
could account for the IW. In reality, it is likely that both mechanisms play a role, depending
on circumstances.

8. Defibrillation

A limited set of computer simulations has been performed with ventricles including a model
of the PS(Deo et al., 2009). With an 8 V/cm defibrillation shock, ventricles with a PS were
successfully defibrillated while those without a PS were not. The most obvious difference
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Fig. 8. Effect of PS insertion depth on IW duration. The IW was longest for surface-bound PS
and shortest in the case of fibre endpoints that penetrated to the sub-epicardial layer. Error
bars correspond to maximum deviation from mean values (n = 6).

between the two situations was the more rapid and widespread activation of the epicardium
which eliminated excitable gaps. Without the PS, an excitable gap persisted under the anode,
allowing reentry to be reinduced. Thus, the PS aided in defibrillation. Experimentally,
application of Lugol’s solution to the endocardium results in a doubling of DFT(Damiano
et al., 1986), suggesting that the PS facilitates defibrillation at lower field strengths.

9. Summary

Based on experimental findings, which are supported by our modelling studies, we conclude
that the PS plays a major role in defibrillation. Due to its cable-like nature and complicated
geometry, it is excited in many places by an applied electric field, which leads to rapid
activation of the entire network. Any excitable gaps are quickly consumed and reentry cannot
be reestablishing. This effect is less prominent as shock strength is increased since more
myocardium is directly excited by the shock. The complex postshock propagation pattern
present with a PS may also play a role in rapid ventricular activation to stop fibrillation.
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26 Cardiac Defibrillation – Mechanisms, Challenges and Implications

1. Introduction

Most current Implantable Cardioverter Defibrillators (ICD) use intracardiac leads for
electrogram (EGM) sensing and defibrillation (Belott & Reynolds, 2007). Intracardiac leads
consist of several electrodes that for the basic functionality of ventricular tachyarrhythmia
detection and termination, are inserted transvenously into the right ventricle (Gradaus et al.,
2003; Swerdlow et al., 2007). In addition to intracardiac electrodes, ICD also use the casing of
the implant as an indifferent, distant electrode.
In ICD technology, three main intracardiac lead configurations are distinguished based on the
combination of electrodes that they use, namely unipolar, dedicated bipolar and integrated
bipolar. Unipolar leads, so-called because they use the casing of the implant as an indifferent
electrode, consist of a single electrode located in the right ventricle, whereas bipolar leads,
both dedicated and integrated, consist of two closely spaced electrodes located in the right
ventricle. In general, unipolar lead configurations are used for cardiac defibrillation, while
bipolar lead configurations are used for EGM sensing, i.e. they provide with the EGM signals
from which heart rhythm can be extracted.
Previous studies indicate that lead configuration can affect EGM sensing and ICD
performance. For instance, it is well known that fundamental EGM features such as
wave duration, wave amplitude and power spectrum, depend on the configuration of the
recording leads (DeCaprio et al., 1977; Jenkins, 1992; Langberg et al., 1988; Parsonnet et al.,
1980). Also, differences in ventricular fibrillation detection and redetection times have been
reported when comparing ICD dedicated and integrated bipolar leads (Cooklin et al., 1999;
Frain et al., 2007; Goldberger et al., 1998; Natale et al., 1996). Other studies have addressed
the effects on EGM sensing, of artifacts originating from non-ventricular bioelectric sources.
For example, inappropriate ICD discharges have been ascribed to myopotentials oversensing
(Deshmukh & Anderson, 1998; Kowalski et al., 2008; Sandler & Kutalek, 1994; Schulte et al.,
2001). Pacing stimulus artifacts, which are often associated to ICD undersensing, have been
found to be greater in integrated than in dedicated bipolar leads (Menz et al., 1998). Finally,
an optimized lead design for atrial sensing has been proposed, in order to facilitate rejection
of artifacts such as R-waves and myopotentials (Nash et al., 2005). Therefore, the existing
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evidence indicates that by carefully designing ICD intracardiac leads, EGM sensing and hence
ICD overall performance can be further improved.
The effects of lead configuration on ICD sensing performance can be explored through
the notion of lead sensitivity distribution, also known as lead field. The lead sensitivity
distribution describes the ability of leads to measure the electrical activity generated by
bioelectric organs and tissues in the body and hence, it can help to identify the sources
of bioelectric artifacts and to quantify their effects. In addition to this, the analysis of
the lead sensitivity distribution can contribute to widen the range of functionality of ICD
systems by providing with an estimation of lead spatial resolution. The quantification of
the lead spatial resolution could be of great interest, especially in those scenarios where
the underlying cardiac pathology is caused by local physiological abnormalities such as
myocardial ischemia (Asbach et al., 2006; Bunch & Day, 2008; Williams et al., 2008), or when
the underlying pathology can be related to tissue spatial heterogeneities (Zaitsev et al., 2000).
The sensitivity distributions of two unipolar and two bipolar ICD intracardiac lead
configurations have been investigated in a previous study (Requena-Carrión et al., 2009). By
combining a detailed numerical model of the human thorax and finite difference methods
(FDM), the sensitivity distribution at the ventricles of each lead configuration was obtained.
The sensitivity distribution also allowed to quantify the spatial resolution of each lead
configuration, and significant differences in sensing between different lead configurations
were found. However, a more complete picture of EGM sensing in ICD should account for
the measurement of the activity of other bioelectric sources that could affect ICD performance,
such as myopotentials. The analysis of the sensitivity of intracardiac leads at other bioelectric
sources in the human body would improve our understanding on how electrophysiological
artifacts affect EGM sensing and therefore, it would help to devise new strategies to reject
such artifacts by means of designing new lead configurations.
In this study, the sensitivity distribution of four ICD intracardiac lead configurations is
calculated at the ventricles, the atria and near skeletal muscles. For that purpose, a
detailed computational model of the human thorax is used in combination with numerical
methods. Additionally, a discrimination index which is based on the sensitivity distribution
is used for quantifying differences in sensing at the ventricles, atria and near muscles. This
discrimination index takes the accumulated sensitivity of ICD leads at the ventricles, where
the signals of interest are originated, and compares it with the accumulated sensitivity at the
other bioelectric sources.

2. Principles of bioelectric signals measurement

Bioelectric measurement models consist of two basic elements, namely a bioelectric source
and a volume conductor (Malmivuo & Plonsey, 1995). The bioelectric source is the biological
tissue or organ that generates electric currents for regulating a physiological function, whereas
the volume conductor is the conducting medium in which the bioelectric source resides.
Well-known examples of bioelectric sources are the heart, the brain and the skeletal muscle;
the human body as a whole, on the other hand, behaves electrically as a volume conductor.
As a consequence of the activity of bioelectric sources, a time-varying voltage gradient is
induced across the volume conductor. This voltage gradient can be measured by means of
measurement leads, which consist of at least one pair of electrodes in contact with the volume
conductor. From the point of view of the measurement leads, the time-varying measured
voltage u(t) can be modeled mathematically as a weighted linear combination of the currents
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J(t, v) generated by the bioelectric source V:

u(t) =
∫

V
L(v) · J(t, v)dv. (1)

In this equation L(v) denotes the lead sensitivity distribution and it describes the ability of the
lead to measure the bioelectric currents J(t, v) generated by the source at v ∈ V. In general,
since the lead sensitivity distribution will be larger in some regions of the bioelectric source
than in others, the contribution to the total measured voltage will vary from one region within
the bioelectric source to another. As a consequence, it can be said that the lead sensitivity
distribution focus the measurement on selected regions within the bioelectric source and
therefore, the lead sensitivity distribution will define a characteristic lead spatial resolution.
Whenever more than one bioelectric source reside within the volume conductor, by virtue of
the superposition principle the total voltage measured by the leads can be expressed as the
sum of the voltages induced by each source independently. For example, if two sources V1
and V2 exist, the total voltage u(t) will be expressed as:

u(t) = u1(t) + u2(t) =
∫

V1

L(v) · J(t, v)dv +
∫

V2

L(v) · J(t, v)dv, (2)

where u1(t) and u2(t) are the voltages generated by sources V1 and V2, respectively. In this
scenario, the lead sensitivity distribution will determine the contribution of each region V1
and V2 to the total measured voltage. If, for instance, L(v) is much larger in V1 than in V2,
the contribution of V1 to the total measured voltage u(t) will be expected to be higher than
the contribution of V2. Consequently, the lead sensitivity distribution, in addition to define
the lead spatial resolution, will also allow to investigate the ability of a measurement lead to
discriminate between different bioelectric sources.
Since the lead sensitivity distribution depends on both the volume conductor and the design
and arrangement of the measurement leads, different leads will be characterized by different
measurement properties. Based on the analysis of the lead sensitivity distribution, several
techniques have been devised in the literature for investigating how current lead systems
measure bioelectric phenomena. One of the earliest and most popular methods is the analysis
of iso-sensitivity surfaces, which consists of depicting the surfaces in the bioelectric source
where the magnitude of the lead sensitivity distribution remains constant. This analysis
method was used by Rush and Driscoll for describing electroencephalographic (EEG) leads
(Rush & Driscoll, 1969) and by Arzbaecher et al. for investigating the sensitivity of precordial
and esophageal electrocardiographic (ECG) leads (Arzbaecher et al., 1979).
The sensitivity distribution has also been the basis for quantifying the lead spatial resolution.
Based on the estimation of iso-sensitivity surfaces, Malmivuo et al. proposed the half
sensitivity volume (HSV), which was defined as the bioelectric region enclosed by the surface
where the sensitivity magnitude drops to half of the maximum sensitivity (Malmivuo et al.,
1997). By using the HSV, the spatial resolutions of EEG and magnetoencephalography
systems were compared. Also, by combining sensitivity distribution models and numerical
simulations of cardiac dynamics, Requena-Carrión et al. proposed the resolution volume
(ResV) for quantifying lead spatial resolution (Requena-Carrión et al., 2007). The ResV
was defined as the bioelectric region that contributes to a given fraction of the measured
signal power, and it was used for quantifying the spatial resolution of surface ECG leads
(Requena-Carrión et al., 2007) and intracardiac leads in ICD (Requena-Carrión et al., 2009).
Finally, Väisänen et al. further explored the notion of lead spatial resolution by proposing
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techniques have been devised in the literature for investigating how current lead systems
measure bioelectric phenomena. One of the earliest and most popular methods is the analysis
of iso-sensitivity surfaces, which consists of depicting the surfaces in the bioelectric source
where the magnitude of the lead sensitivity distribution remains constant. This analysis
method was used by Rush and Driscoll for describing electroencephalographic (EEG) leads
(Rush & Driscoll, 1969) and by Arzbaecher et al. for investigating the sensitivity of precordial
and esophageal electrocardiographic (ECG) leads (Arzbaecher et al., 1979).
The sensitivity distribution has also been the basis for quantifying the lead spatial resolution.
Based on the estimation of iso-sensitivity surfaces, Malmivuo et al. proposed the half
sensitivity volume (HSV), which was defined as the bioelectric region enclosed by the surface
where the sensitivity magnitude drops to half of the maximum sensitivity (Malmivuo et al.,
1997). By using the HSV, the spatial resolutions of EEG and magnetoencephalography
systems were compared. Also, by combining sensitivity distribution models and numerical
simulations of cardiac dynamics, Requena-Carrión et al. proposed the resolution volume
(ResV) for quantifying lead spatial resolution (Requena-Carrión et al., 2007). The ResV
was defined as the bioelectric region that contributes to a given fraction of the measured
signal power, and it was used for quantifying the spatial resolution of surface ECG leads
(Requena-Carrión et al., 2007) and intracardiac leads in ICD (Requena-Carrión et al., 2009).
Finally, Väisänen et al. further explored the notion of lead spatial resolution by proposing

29Analysis of the Lead Sensitivity Distribution in Implantable Cardioverter Defibrillator



4 Will-be-set-by-IN-TECH

ICD Casing
Height (mm) 64
Width (mm) 51
Depth (mm) 15

Helix
Length (mm) 2
Diameter (mm) 3

Ring
Length (mm) 3
Diameter (mm) 3

Right ventricular coil Length (mm) 57
Diameter (mm) 3

Interelectrode spacing
Helix-Ring (mm) 8
Helix-Coil (mm) 12

Table 1. Electrode specifications.

the region of interest sensitivity ratio (ROISR), defined as the ratio between the average
sensitivities of any two regions within the bioelectric source (Väisänen et al., 2008). The
ROISR allowed to quantify the specificity of EEG (Väisänen et al., 2008) and surface ECG
measurements (Väisänen & Hyttinen, 2009).
In summary, the lead sensitivity distribution constitutes both a useful theoretical tool for
understanding the nature of bioelectric signals, and a useful practical tool for describing
quantitatively the sensing properties of measurement leads. In this study, the sensitivity
distribution will be used to quantify and compare the ability of four ICD intracardiac leads
to measure ventricular bioelectrical events and reject bioelectrical artifacts from the atria and
near muscles. For that purpose, the sensitivity distribution of each lead configuration under
investigation will be analyzed and in addition to this, a measure of discrimination based on
the sensitivity distribution will be proposed.

3. Methods

3.1 Intracardiac ICD leads
The measurement properties of four ICD intracardiac lead configurations (two unipolar, one
dedicated bipolar and one integrated bipolar) were investigated. In order to define the
geometry and the anatomical location of the electrodes that formed each intracardiac lead,
a commercial ICD system was used as a reference model. This system consisted of two
elements, namely the Medtronic Secura ICD (Medtronic, 2008) and the Medtronic Sprint
Quattro Secure ventricular lead (Medtronic, 2010). The Medtronic Secura ICD is a single
chamber ICD which is used in combination with a right ventricular lead for analyzing heart
rhythm and providing defibrillation, cardioversion and both bradycardia and antitachycardia
pacing therapies. As for the Medtronic Sprint Quattro Secure, it is a quadripolar ventricular
lead designed for pacing, sensing, cardioversion and defibrillation therapies.
The Secura ICD is intended to be located in the pectoral region. Its casing, which can be used
as an indifferent, distant electrode, has the physical dimensions shown in Table 1. As for the
Sprint Quattro Secure ventricular lead, it consists of a helix electrode located at the tip of the
lead, followed consecutively by a ring electrode, a right ventricular coil and a superior vena
cava coil. The helix and the ring electrode are used for EGM sensing and pacing, while both
coils in combination with the ICD casing are used for defibrillation. Since this study focuses
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Unipolar A helix to casing

Unipolar B coil to casing

Dedicated bipolar helix to ring

Integrated bipolar helix to coil

Table 2. Intracardiac leads definition.

on bioelectric measurement of ventricular events, the electrodes that were considered were the
helix, the ring and the right ventricular coil. The physical dimensions and relative distances
of the electrodes that were considered for this study are shown in Table 1.
Based on the aforementioned electrode specifications, the four intracardiac ICD leads were
defined as follows (Table 2): the unipolar A lead used the casing of the implant and the helix
electrode; the unipolar B lead used the casing of the implant and the right ventricular coil;
the dedicated bipolar lead used the helix and the ring electrodes and finally, the integrated
bipolar lead used the helix electrode and the right ventricular coil.

3.2 Computational model of the human thorax
A realistic 3D computational model of the bioelectric properties of the human thorax was
implemented for calculating the lead sensitivity distributions. This computational model
was defined based on the widely used Visible Human Man dataset, and consisted of a
341×594×394 cubic grid with a 1 mm×1 mm×1 mm resolution (Sachse et al., 1998). The
human thorax model was segmented into 20 different organ and tissue types, including the
atria, the ventricles and near muscles, and they were assigned resistivity values previously
reported in the literature (Gabriel et al., 1996).
Lead sensitivity distributions were calculated in the realistic human thorax by applying
the principle of reciprocity (Malmivuo & Plonsey, 1995), which states that when a lead is
reciprocally energized, the current field that is induced in the volume conductor corresponds
to the lead sensitivity distribution. An FDM approach was developed for calculating the
current field induced in the realistic human thorax when each electrode pair was reciprocally
energized. The FDM solver was based on the Incomplete Cholesky Preconditioner and
Conjugate Gradient (Takano, 2002) and was executed on an AMD 3000+ 64Bit, 2 GB RAM,
200GB SATA RAID computer.

3.3 Discrimination power
Lead sensitivities at the ventricles were compared to lead sensitivities at the atria and
near muscles. For that purpose, two discrimination indices based on the notion of ROISR
(Väisänen et al., 2008) were defined as follows:

diAV =

∫
atria |L(v)|dv∫

ventricles |L(v)|dv
(3)

diMV =

∫
muscle |L(v)|dv∫

ventricles |L(v)|dv

The discrimination index diAV allowed to compare the accumulated sensitivities at the atria
with the accumulated sensitivities at the ventricles, whereas the diMV allowed to compare the
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cava coil. The helix and the ring electrode are used for EGM sensing and pacing, while both
coils in combination with the ICD casing are used for defibrillation. Since this study focuses
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the dedicated bipolar lead used the helix and the ring electrodes and finally, the integrated
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3.2 Computational model of the human thorax
A realistic 3D computational model of the bioelectric properties of the human thorax was
implemented for calculating the lead sensitivity distributions. This computational model
was defined based on the widely used Visible Human Man dataset, and consisted of a
341×594×394 cubic grid with a 1 mm×1 mm×1 mm resolution (Sachse et al., 1998). The
human thorax model was segmented into 20 different organ and tissue types, including the
atria, the ventricles and near muscles, and they were assigned resistivity values previously
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Lead sensitivity distributions were calculated in the realistic human thorax by applying
the principle of reciprocity (Malmivuo & Plonsey, 1995), which states that when a lead is
reciprocally energized, the current field that is induced in the volume conductor corresponds
to the lead sensitivity distribution. An FDM approach was developed for calculating the
current field induced in the realistic human thorax when each electrode pair was reciprocally
energized. The FDM solver was based on the Incomplete Cholesky Preconditioner and
Conjugate Gradient (Takano, 2002) and was executed on an AMD 3000+ 64Bit, 2 GB RAM,
200GB SATA RAID computer.

3.3 Discrimination power
Lead sensitivities at the ventricles were compared to lead sensitivities at the atria and
near muscles. For that purpose, two discrimination indices based on the notion of ROISR
(Väisänen et al., 2008) were defined as follows:
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The discrimination index diAV allowed to compare the accumulated sensitivities at the atria
with the accumulated sensitivities at the ventricles, whereas the diMV allowed to compare the
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accumulated sensitivities at near skeletal muscles with the accumulated sensitivities at the
ventricles. A logarithmic transformation was subsequently applied to both indices:

DIAV = 20 log10 (diAV) (4)

DIMV = 20 log10 (diMV)

Consequently, the lower the value of a discrimination index for a given lead, the lower the
sensitivity of that lead to the corresponding non-ventricular source (atria or skeletal muscle)
and therefore, the lower the effects of bioelectric artifacts from that source.

4. Results

The analysis of the sensitivity distribution of each intracardiac lead reveals that, irrespective
of the lead configuration and design, sensitivity is always higher at the close proximity of
the electrodes and decreases with the distance. Specifically, as shown in Figures 1 and 2, the
sensitivity of configurations using the signal provided by the helix electrode, i.e. unipolar
A, dedicated bipolar and integrated bipolar, is highest near the ventricular apex, into which
the helix electrode is usually inserted; similarly, the sensitivity across the ventricular septum
is significantly higher in configurations using the right ventricular coil, i.e. unipolar B and
integrated bipolar configurations. Figures 1 and 2 also show that the sensitivity of unipolar
configurations decreases more slowly with the distance to the electrodes than the sensitivity
of bipolar configurations and therefore, unipolar measurements are more uniform throughout
the heart than bipolar measurements. In other words, bipolar configurations concentrate their
measurements more than unipolar configurations.
As a consequence of the previous observation, since intracardiac ICD leads are inserted
into the right ventricle, their sensitivity at the ventricular myocardium is higher than at
the atrial myocardium. However, it is worth noting that the sensitivity distribution at the
atria depends on the configuration of the lead. As seen in Figures 1 and 2, in the case of
unipolar configurations the sensitivity distribution at the atria is of roughly the same order
of magnitude as the sensitivity distribution at the ventricles, whereas in the case of bipolar
configurations, the sensitivity distribution drops several orders of magnitude. In addition to
this, by comparing bipolar configurations it can be concluded that the sensitivity at the atria
is higher in the case of integrated bipolar than in the case of dedicated bipolar. Finally, by
invoking the same physical principle according to which lead sensitivity decreases with the
distance to the electrodes, since ICD are usually implanted in the pectoral area, the sensitivity
at the pectoral muscle will be higher for unipolar leads, in which the casing of the implant acts
as the indifferent electrode.
By calculating the discrimination indices DIAV and DIMV , the previous qualitative
observations based on the analysis of the sensitivity distribution can be quantitatively
contrasted. As Table 3 shows, the accumulated sensitivity of bipolar leads is several orders
of magnitude higher at the ventricles than at the other non-ventricular bioelectric sources,
namely the atria and near muscles. In addition to this, it can be noticed that dedicated bipolar
configurations have a higher discrimination power than integrated bipolar configurations.
Unipolar configurations, on the contrary, are characterized by a lower discrimination power,
especially against muscular artifacts due to the proximity to the casing of the ICD. In
general, it can be concluded from this analysis that the unipolar B configuration using the
right ventricular coil and the casing of the implant, is the most vulnerable intracardiac
configuration, whereas the dedicated bipolar configuration is the most robust configuration
against bioelectric artifacts.
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Fig. 1. Sensitivity distributions of unipolar intracardiac configurations at two cross-sections
of the heart (arbitrary units, logarithmic scale).
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at the pectoral muscle will be higher for unipolar leads, in which the casing of the implant acts
as the indifferent electrode.
By calculating the discrimination indices DIAV and DIMV , the previous qualitative
observations based on the analysis of the sensitivity distribution can be quantitatively
contrasted. As Table 3 shows, the accumulated sensitivity of bipolar leads is several orders
of magnitude higher at the ventricles than at the other non-ventricular bioelectric sources,
namely the atria and near muscles. In addition to this, it can be noticed that dedicated bipolar
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Fig. 1. Sensitivity distributions of unipolar intracardiac configurations at two cross-sections
of the heart (arbitrary units, logarithmic scale).
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Dedicated bipolar configuration (helix to ring)

Integrated bipolar configuration (helix to coil)
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Fig. 2. Sensitivity distributions of bipolar intracardiac configurations at two cross-sections of
the heart (arbitrary units, logarithmic scale).
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Discrimination power (dB)

DIAV DIMV

Unipolar A -33 -13

Unipolar B -15 -2

Dedicated bipolar -61 -57

Integrated Bipolar -48 -50

Table 3. Discrimination power against atrial and muscular artifacts.

5. Conclusions

Current ICD tachyarrhythmia detection algorithms use heart rhythm criteria to determine
whether patients are suffering from a life-threatening arrhythmia. In order to extract heart
rhythm, ICD currently estimate the duration of the RR interval on a beat-to-beat basis
by sensing ventricular activations in EGM signals, which are continuously recorded by
intracardiac leads. As a consequence, ICD overall performance depends on the ability
of intracardiac leads to measure ventricular bioelectric events and reject other biolectric
events of non-ventricular origin, which include myopotentials (Deshmukh & Anderson,
1998; Kowalski et al., 2008; Sandler & Kutalek, 1994; Schulte et al., 2001) and pacing stimulus
artifacts (Menz et al., 1998).
It is widely acknowledged that lead design can affect EGM sensing and therefore ICD
performance. On the basis that bipolar configurations are more specific to ventricular events
than unipolar configurations, current ICD use bipolar leads, either dedicated or integrated,
for EGM sensing, while unipolar-like leads are mainly used for cardiac defibrillation. In a
previous study, the sensitivity distribution of two unipolar and two bipolar intracardiac ICD
leads were investigated in a numerical model of the ventricles (Requena-Carrión et al., 2009).
This study showed quantitatively that bipolar leads concentrate their measurements more
than unipolar leads and therefore, provide with ventricular events at a more local level than
unipolar leads, which are characterized by global measurements.
In the present study, the investigation previously developed in (Requena-Carrión et al., 2009)
has been extended by including the analysis of the sensitivity distribution at the atria and
near muscles. Four intracardiac leads based on a current ICD commercial system have been
studied in a computational model of the human thorax. Our analysis supports the view
that bipolar configurations concentrate their measurement on a local level, while unipolar
configurations provide with global measurements. In addition to this, we have been able
to analyze qualitatively the sensitivity distribution at the ventricular and atrial myocardium,
showing that the sensitivity distribution of unipolar configurations is roughly of the same
order of magnitude at the atria and at the ventricles, whereas the sensitivity distribution of
bipolar configurations drops several orders of magnitude from the ventricles to the atria. In
order to analyze quantitatively the sensitivity to non-ventricular bioelectric sources, we have
proposed a discrimination index that compares the accumulated sensitivity at the ventricles
with the accumulated sensitivity at other non-ventricular bioelectric sources. Our results
reveal that bipolar configurations are more specific to ventricular sources than unipolar
configurations and hence, less vulnerable to bioelectric artifacts.
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Dedicated bipolar configuration (helix to ring)

Integrated bipolar configuration (helix to coil)
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Fig. 2. Sensitivity distributions of bipolar intracardiac configurations at two cross-sections of
the heart (arbitrary units, logarithmic scale).
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Unipolar B -15 -2

Dedicated bipolar -61 -57

Integrated Bipolar -48 -50

Table 3. Discrimination power against atrial and muscular artifacts.
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Current ICD tachyarrhythmia detection algorithms use heart rhythm criteria to determine
whether patients are suffering from a life-threatening arrhythmia. In order to extract heart
rhythm, ICD currently estimate the duration of the RR interval on a beat-to-beat basis
by sensing ventricular activations in EGM signals, which are continuously recorded by
intracardiac leads. As a consequence, ICD overall performance depends on the ability
of intracardiac leads to measure ventricular bioelectric events and reject other biolectric
events of non-ventricular origin, which include myopotentials (Deshmukh & Anderson,
1998; Kowalski et al., 2008; Sandler & Kutalek, 1994; Schulte et al., 2001) and pacing stimulus
artifacts (Menz et al., 1998).
It is widely acknowledged that lead design can affect EGM sensing and therefore ICD
performance. On the basis that bipolar configurations are more specific to ventricular events
than unipolar configurations, current ICD use bipolar leads, either dedicated or integrated,
for EGM sensing, while unipolar-like leads are mainly used for cardiac defibrillation. In a
previous study, the sensitivity distribution of two unipolar and two bipolar intracardiac ICD
leads were investigated in a numerical model of the ventricles (Requena-Carrión et al., 2009).
This study showed quantitatively that bipolar leads concentrate their measurements more
than unipolar leads and therefore, provide with ventricular events at a more local level than
unipolar leads, which are characterized by global measurements.
In the present study, the investigation previously developed in (Requena-Carrión et al., 2009)
has been extended by including the analysis of the sensitivity distribution at the atria and
near muscles. Four intracardiac leads based on a current ICD commercial system have been
studied in a computational model of the human thorax. Our analysis supports the view
that bipolar configurations concentrate their measurement on a local level, while unipolar
configurations provide with global measurements. In addition to this, we have been able
to analyze qualitatively the sensitivity distribution at the ventricular and atrial myocardium,
showing that the sensitivity distribution of unipolar configurations is roughly of the same
order of magnitude at the atria and at the ventricles, whereas the sensitivity distribution of
bipolar configurations drops several orders of magnitude from the ventricles to the atria. In
order to analyze quantitatively the sensitivity to non-ventricular bioelectric sources, we have
proposed a discrimination index that compares the accumulated sensitivity at the ventricles
with the accumulated sensitivity at other non-ventricular bioelectric sources. Our results
reveal that bipolar configurations are more specific to ventricular sources than unipolar
configurations and hence, less vulnerable to bioelectric artifacts.
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The notion of lead sensitivity distribution can provide with a useful insight into the nature of
bioelectric signals. In combination with numerical methods, the sensitivity distribution can
help to analyze the performance of current leads and can assist in the design of future leads.
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The notion of lead sensitivity distribution can provide with a useful insight into the nature of
bioelectric signals. In combination with numerical methods, the sensitivity distribution can
help to analyze the performance of current leads and can assist in the design of future leads.
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1. Introduction

Cardiac fibrillation is the breakdown of the organized electrical activity in the heart into
disorganized self-sustained electrical activation patterns. Fibrillatory episodes when affecting
the ventricles, i.e. the main pumping chambers of the heart, result in loss of cardiac output
and unless timely intervention is administered, death quickly ensues. The only known
effective therapy for lethal disturbances in cardiac rhythm is defibrillation, the delivery of
a strong electric shock to the heart. This technique, as accomplished nowadays by automatic,
implantable cardioverter-defibrillator (ICD) devices, constitutes the most important means of
combating sudden cardiac death. Several multi-center clinical trials have provided consistent
evidence that ICD therapy prolongs patient life. This convincing demonstration of efficacy has
led to a nearly exponential growth, over the last decade, in the number of patients receiving
implantable devices. Currently, around 0.2 million ICDs are implanted every year throughout
the world.
Although ICD therapy has proved to be efficient and reliable in preventing sudden cardiac
death (Bardy et al., 1993), with success rates clearly superior to other therapeutic options such
as pharmacological anti-arrhythmia therapy (Zipes et al., 1997), it is far from ideal. There are
several known adverse effects secondary to the administration of electrical shocks, the most
prominent are linked to electroporation (DeBruin & Krassowska, 1998), (i.e. the formation
of pores in the cellular membrane that allow the free and indiscriminate redistribution of
ions, enzymes and large molecules between intracellular and interstitial space), and its
after-effects which are indirectly caused by the high field strengths required to terminate
arrhythmias such as ventricular fibrillation (VF) with sufficiently high probability. Moreover,
psychological effects on patients play an important role. Conscious patients may perceive
shock delivery as extremely painful which leads to traumatization and reduction in quality
of life. Although pain may be tolerable in those cases where shock delivery saves human
lives, this is less likely in those cases where inadequate shocks are delivered due to high
voltage component malfunctions of the device. A recent meta-analysis of industrial reports
(Maisel, 2006) concluded that such malfunctions are much more frequent than expected, with
thousands of patients being affected. Further, clinical data from ICD trials suggested that 6 out
of 7 shocks delivered can be classified as inadequate, indicating the amount of over-treatment
in the ICD population is significant (Zipes et al., 1997). Therefore, despite the impressive
clinical success and efficacy of ICD implant, the therapy is clearly suboptimal due to these
numerous adverse side effects and as such research on defibrillation mechanisms remains
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to be an important topic. Achieving defibrillation reliably with shocks of much lower energy
than those delivered by ICD devices today, would constitute a major step forward. Advancing
our understanding towards a full appreciation of the mechanisms by which a shock interacts
with the heart is the most promising approach to achieve this goal.

1.1 Experimental approaches to investigate defibrillation mechanisms
Elucidating the biophysical underpinnings of defibrillation mechanisms has been a long
and arduous process. The key to understanding the cardiac defibrillation process is to
uncover those mechanisms by which electric current delivered to the heart during shock
delivery traverses myocardial structures and interacts with the wavefronts of fibrillation.
The quest for uncovering these mechanistic links between applied electric fields and evoked
membrane responses has proved to be enormously challenging. In no small part these
difficulties can be attributed to the lack of suitable experimental methodologies which would
allow to observe electrical events occurring before, during and after shock delivery with
sufficiently high spatio-temporal resolution. Early studies relied on recordings of extracellular
potentials following the defibrillation shock, since overwhelming electrical artifacts had
prevented researchers from recording during and shortly after the shock. Although these
pioneering electrical mapping studies provided some insights which laid the basis for
developing the first theories such as the upper limit of vulnerability (ULV) hypothesis,
there was no direct experimental evidence to prove the putative mechanisms. A major
breakthrough occur ed with the introduction of potentiometric dyes, which allowed to
record electrical events before, during and after shock delivery at a higher spatio-temporal
resolution. The ability of these optical mapping techniques to provide optical fluorescence
signals, Vopt, which are proportional to the transmembrane voltage, ∝ Vm, proved to be a
further advantage. Unlike extracellularly recorded electric potentials, Φe, which integrate
contributions of bioelectric activity in the vicinity of a recording site via the volume conductor
in which the heart is immersed, Vm provides a more direct measure for shock-induced
membrane responses, although optical signals are not purely local representations of Vm at
a recording site either, since fluorescence detectors collect photons emerging from within
a certain scattering volume (Bishop et al., 2007). Although optical mapping setups allow
to elegantly visualize shock-induced changes in tissue polarizations, these observations are
confined to record electrical activity from cardiac surfaces only. However, in a complex
three-dimensional anatomical structure such as the heart electrical events occur throughout
the entire myocardium including the depth of the myocardial walls. Therefore, the restricted
capabilities of current optical mapping techniques to detect events which may occur in
deeper layers of the myocardial wall without any signature at the surfaces (Ashihara et al.,
2008), poses a severe limitation, rendering investigations of defibrillation mechanisms by
experimental means alone a challenging endeavor.

1.2 Role of computer modeling
The absence of experimental methodology for observing shock-induced membrane
polarizations in 3D inspired the theoretical community to develop and refine computer
models of the cardiac defibrillation process. Since there is insufficient direct experimental
evidence which would allow a direct verification of model predictions in the depth of the
myocardium, computer models are compared against optical maps recorded at the ventricular
surfaces. Assuming that model formulations are valid quantitatively correct representation
of cardiac bioelectricity, models which correctly predict experimental observations at the
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Fig. 1. Left panel: In most experimental setups the field of view (FOV) of optical recordings,
as indicated by a gray dashed rectangle, is confined to the surface. Shown are polarization
patterns at the end of the shock delivered via plate electrodes, with the cathode being located
next to the left ventricle (top) and the right ventricle (bottom). Right panel: Computer
models allow to observe shock-induced changes in polarization throughout the entire
myocardium, revealing important shock-induced changes in electrical state of the tissue,
such as shape, size and location of the post-shock excitable gap (blue regions).

surfaces could be used with some confidence to take a look inside the depth of myocardial
walls, thus allowing to bridge the gap between experimental observations recorded at
epicardial and endocardial surfaces (Fig. 1).
In earlier computational studies of defibrillation mechanisms monodomain models were
employed. Such monodomain formulations do not account explicitly for current flow in the
extracellular domains. This simplification reduces model complexity and computational costs
at the cost of biophysical accuracy. Although monodomain models were well established for
studying impulse propagation in the heart, their suitability in the context of simulating the
process of defibrillation quickly turned out to be of limited value. Theoretical considerations
based on the monodomain equations predicted shock-induced changes in transmembrane
voltage, ΔVm, only along tissue boundaries and around conductive discontinuities in the
heart, leaving the bulk of the myocardium essentially unaffected. However, such predictions
contradicted experimental findings which had established that a critical mass of the tissue of
∼ 95% (Adgey et al., 2005; Ideker et al., 1991) has to be affected by a sufficiently strong gradient
of > 5 V/cm (Frazier et al., 1989; Zhou et al., 1993) to be effective. To resolve this dilemma
the theoretical community put forward the more comprehensive bidomain model which
explicitly accounts for current flow in both the intracellular and interstitial domains. The
bidomain model proved quickly to be an invaluable powerful tool for studying defibrillation

41Modeling Defibrillation



2 Will-be-set-by-IN-TECH

to be an important topic. Achieving defibrillation reliably with shocks of much lower energy
than those delivered by ICD devices today, would constitute a major step forward. Advancing
our understanding towards a full appreciation of the mechanisms by which a shock interacts
with the heart is the most promising approach to achieve this goal.

1.1 Experimental approaches to investigate defibrillation mechanisms
Elucidating the biophysical underpinnings of defibrillation mechanisms has been a long
and arduous process. The key to understanding the cardiac defibrillation process is to
uncover those mechanisms by which electric current delivered to the heart during shock
delivery traverses myocardial structures and interacts with the wavefronts of fibrillation.
The quest for uncovering these mechanistic links between applied electric fields and evoked
membrane responses has proved to be enormously challenging. In no small part these
difficulties can be attributed to the lack of suitable experimental methodologies which would
allow to observe electrical events occurring before, during and after shock delivery with
sufficiently high spatio-temporal resolution. Early studies relied on recordings of extracellular
potentials following the defibrillation shock, since overwhelming electrical artifacts had
prevented researchers from recording during and shortly after the shock. Although these
pioneering electrical mapping studies provided some insights which laid the basis for
developing the first theories such as the upper limit of vulnerability (ULV) hypothesis,
there was no direct experimental evidence to prove the putative mechanisms. A major
breakthrough occur ed with the introduction of potentiometric dyes, which allowed to
record electrical events before, during and after shock delivery at a higher spatio-temporal
resolution. The ability of these optical mapping techniques to provide optical fluorescence
signals, Vopt, which are proportional to the transmembrane voltage, ∝ Vm, proved to be a
further advantage. Unlike extracellularly recorded electric potentials, Φe, which integrate
contributions of bioelectric activity in the vicinity of a recording site via the volume conductor
in which the heart is immersed, Vm provides a more direct measure for shock-induced
membrane responses, although optical signals are not purely local representations of Vm at
a recording site either, since fluorescence detectors collect photons emerging from within
a certain scattering volume (Bishop et al., 2007). Although optical mapping setups allow
to elegantly visualize shock-induced changes in tissue polarizations, these observations are
confined to record electrical activity from cardiac surfaces only. However, in a complex
three-dimensional anatomical structure such as the heart electrical events occur throughout
the entire myocardium including the depth of the myocardial walls. Therefore, the restricted
capabilities of current optical mapping techniques to detect events which may occur in
deeper layers of the myocardial wall without any signature at the surfaces (Ashihara et al.,
2008), poses a severe limitation, rendering investigations of defibrillation mechanisms by
experimental means alone a challenging endeavor.

1.2 Role of computer modeling
The absence of experimental methodology for observing shock-induced membrane
polarizations in 3D inspired the theoretical community to develop and refine computer
models of the cardiac defibrillation process. Since there is insufficient direct experimental
evidence which would allow a direct verification of model predictions in the depth of the
myocardium, computer models are compared against optical maps recorded at the ventricular
surfaces. Assuming that model formulations are valid quantitatively correct representation
of cardiac bioelectricity, models which correctly predict experimental observations at the

40 Cardiac Defibrillation – Mechanisms, Challenges and Implications Modeling Defibrillation 3

Fig. 1. Left panel: In most experimental setups the field of view (FOV) of optical recordings,
as indicated by a gray dashed rectangle, is confined to the surface. Shown are polarization
patterns at the end of the shock delivered via plate electrodes, with the cathode being located
next to the left ventricle (top) and the right ventricle (bottom). Right panel: Computer
models allow to observe shock-induced changes in polarization throughout the entire
myocardium, revealing important shock-induced changes in electrical state of the tissue,
such as shape, size and location of the post-shock excitable gap (blue regions).

surfaces could be used with some confidence to take a look inside the depth of myocardial
walls, thus allowing to bridge the gap between experimental observations recorded at
epicardial and endocardial surfaces (Fig. 1).
In earlier computational studies of defibrillation mechanisms monodomain models were
employed. Such monodomain formulations do not account explicitly for current flow in the
extracellular domains. This simplification reduces model complexity and computational costs
at the cost of biophysical accuracy. Although monodomain models were well established for
studying impulse propagation in the heart, their suitability in the context of simulating the
process of defibrillation quickly turned out to be of limited value. Theoretical considerations
based on the monodomain equations predicted shock-induced changes in transmembrane
voltage, ΔVm, only along tissue boundaries and around conductive discontinuities in the
heart, leaving the bulk of the myocardium essentially unaffected. However, such predictions
contradicted experimental findings which had established that a critical mass of the tissue of
∼ 95% (Adgey et al., 2005; Ideker et al., 1991) has to be affected by a sufficiently strong gradient
of > 5 V/cm (Frazier et al., 1989; Zhou et al., 1993) to be effective. To resolve this dilemma
the theoretical community put forward the more comprehensive bidomain model which
explicitly accounts for current flow in both the intracellular and interstitial domains. The
bidomain model proved quickly to be an invaluable powerful tool for studying defibrillation

41Modeling Defibrillation



4 Will-be-set-by-IN-TECH

mechanisms, providing the sought after “missing link” (Roth & Krassowska, 1998) between
externally applied electric field and membrane responses in the tissue bulk. Using a bidomain
model Sepulveda and coworkers (Sepulveda et al., 1989) demonstrated in a seminal study
that shock-induced changes in membrane polarizations can be much more complex than
previously anticipated. Their simulation results suggested that the tissue response in the
vicinity of a strong unipolar stimulus involved the simultaneous occurrence of both positive
(depolarizing) and negative (hyperpolarizing) effects in close proximity, if the anisotropy
ratios between intracellular and interstitial space comprising the myocardium are unequal,
i.e. both spaces are anisotropic, but to a different degree. In the absence of unequal anisotropy
ratios, as it is the case with monodomain models which inherently assume equal anisotropies,
no polarizations of opposite polarity can occur (Fig. 2). This prediction of the existence of

Fig. 2. Unequal anisotropy ratios between intracellular and interstitial space is a necessary
condition for the existence of bulk VEPs. A) A unipolar anodal stimulus is delivered to the
center of a tissue sheet of equal anisotropy ratios. Shock induced polarizations of only one
polarity (hyperpolarizing) are observed and the tissue affected by the shock is limited the
immediate vicinity of the electrode. B) The exact same shock delivered to tissue of unequal
anisotropy ratios induced polarizations of both polarities and the area of tissue affected
extends far beyond the electrotonic space constant. Dashed lines indicate the longitudinal
axis of myocyte orientation.

“virtual electrodes” departed from the established view that tissue responses should only
be depolarizing if the stimulus is cathodal, or hyperpolarizing if the stimulus is anodal.
Optical mapping studies that followed convincingly confirmed these theoretical predictions
(Wikswo Jr et al., 1995). Since, “virtual electrode polarization” (VEP) has been documented
in experiments involving various stimulus configurations (Efimov, Aguel, Cheng, Wollenzier
& Trayanova, 2000; Efimov et al., 1997; Efimov, Gray & Roth, 2000; Evans et al., 2002; Knisley
et al., 1999).

1.3 Current understanding of defibrillation mechanisms
Conceptually, defibrillation can be considered to be a two-step process. First, the applied
shock drives currents that traverse the myocardium and cause complex polarization changes
in transmembrane potential distribution (Sobie et al., 1997). Secondly, post-shock active
membrane reactions are invoked that eventually result either in termination of fibrillation
in the case of shock success, or in reinitiation of fibrillatory activity in the case of shock
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failure. Using computer models to analyze the etiology of VEP patterns during the shock
application phase revealed that shape, location, polarity, and intensity of shock-induced
VEP are determined by both the cardiac tissue structure as well as the configuration of
the applied field (Knisley et al., 1999; Rodriguez et al., 2005; Sobie et al., 1997). Based on
theoretical considerations VEPs can be classified either as “surface VEP”, which penetrates
the ventricular wall over a few cell layers, or as “bulk VEP” where polarizations arise
throughout the ventricular wall (Entcheva et al., 1999; Trayanova et al., 1998). Analysis of the
bidomain equations revealed that a necessary condition for the existence of the bulk VEP is
the presence of unequal anisotropies in the myocardium. Sufficient conditions include either
spatial non-uniformity in applied electric field, or non-uniformity in tissue architecture, such
as fiber curvature, fiber rotation, fiber branching and anastomosis, and local changes in tissue
conductivity due to resistive heterogeneities (Plank et al., 2005) (Fig. 3).
The cellular response depends on VEP magnitude and polarity as well as on pre-shock state
of the tissue. APD can be either extended (by positive VEP) or shortened (by negative VEP)
to a degree that depends on VEP magnitude and shock timing, with strong negative VEP
completely abolishing (de-exciting) the action potential thus creating post-shock excitable
gaps. As demonstrated in bidomain modeling studies (Ashihara et al., 2008; Roth, 1995), the
post-shock VEP pattern is also the major determinant of the origin of post-shock activations.
In those regions where shock-induced virtual anodes and virtual cathodes are in close
proximity, a “break” excitation at shock-end (i.e, the “break” of the shock) can be elicited.
The virtual cathode serves as an electrical stimulus eliciting a regenerative depolarization and
a propagating wave in the newly created excitable area. Whether or not break excitations
arise depends on whether the transmembrane potential gradient across the border spans the
threshold for regenerative depolarization (Cheng, Mowrey, Van Wagoner, Tchou & Efimov,
1999). The finding of break excitations, combined with the fact that positive VEP can result in
“make” excitations (where “make” refers to the onset of a shock) in regions where tissue is at
or near diastole, resulted in a novel understanding of how a strong stimulus can trigger the
development of new activations.
According to VEP theory, mechanisms for shock success or failure are multifactorial
depending mainly on post-shock distribution of Vm as well as timing and speed of
propagation of shock-induced wavefronts. Whether the depolarization of the post-shock
excitable gap is achieved in time critically depends on number and conduction velocity
of post-shock activations, as well as the available time window which is bounded by the
instant at which refractory borders enclosing the excitable regions recover excitability. All
factors depend, ultimately, on shock strength. Increasing shock strength results in higher
voltage gradients across borders between regions of opposite polarity, leading to more
break-excitations (Cheng, Mowrey, Van Wagoner, Tchou & Efimov, 1999) which then start
to traverse the post-shock excitable gap earlier (Skouibine et al., 2000a) and at a faster velocity
(Cheng, Mowrey, Van Wagoner, Tchou & Efimov, 1999), as well as extending refractoriness to
a larger degree (Knisley et al., 1994).

2. Computationally modeling defibrillation and shock-induced arrhythmogenesis

Comprehensive mechanistic insight into defibrillation remains a major scientific frontier and
the 3D bidomain model is an important tool to complement and interpret experimental
observations. The quest to unravel how shocks could succeed in terminating fibrillation
or how they could re-instate arrhythmia has driven the technological aspects of computer
simulations of 3D bidomain activity. In order to be able to simulate electrical processes

43Modeling Defibrillation



4 Will-be-set-by-IN-TECH

mechanisms, providing the sought after “missing link” (Roth & Krassowska, 1998) between
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that shock-induced changes in membrane polarizations can be much more complex than
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Fig. 2. Unequal anisotropy ratios between intracellular and interstitial space is a necessary
condition for the existence of bulk VEPs. A) A unipolar anodal stimulus is delivered to the
center of a tissue sheet of equal anisotropy ratios. Shock induced polarizations of only one
polarity (hyperpolarizing) are observed and the tissue affected by the shock is limited the
immediate vicinity of the electrode. B) The exact same shock delivered to tissue of unequal
anisotropy ratios induced polarizations of both polarities and the area of tissue affected
extends far beyond the electrotonic space constant. Dashed lines indicate the longitudinal
axis of myocyte orientation.

“virtual electrodes” departed from the established view that tissue responses should only
be depolarizing if the stimulus is cathodal, or hyperpolarizing if the stimulus is anodal.
Optical mapping studies that followed convincingly confirmed these theoretical predictions
(Wikswo Jr et al., 1995). Since, “virtual electrode polarization” (VEP) has been documented
in experiments involving various stimulus configurations (Efimov, Aguel, Cheng, Wollenzier
& Trayanova, 2000; Efimov et al., 1997; Efimov, Gray & Roth, 2000; Evans et al., 2002; Knisley
et al., 1999).
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in the case of shock success, or in reinitiation of fibrillatory activity in the case of shock
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threshold for regenerative depolarization (Cheng, Mowrey, Van Wagoner, Tchou & Efimov,
1999). The finding of break excitations, combined with the fact that positive VEP can result in
“make” excitations (where “make” refers to the onset of a shock) in regions where tissue is at
or near diastole, resulted in a novel understanding of how a strong stimulus can trigger the
development of new activations.
According to VEP theory, mechanisms for shock success or failure are multifactorial
depending mainly on post-shock distribution of Vm as well as timing and speed of
propagation of shock-induced wavefronts. Whether the depolarization of the post-shock
excitable gap is achieved in time critically depends on number and conduction velocity
of post-shock activations, as well as the available time window which is bounded by the
instant at which refractory borders enclosing the excitable regions recover excitability. All
factors depend, ultimately, on shock strength. Increasing shock strength results in higher
voltage gradients across borders between regions of opposite polarity, leading to more
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a larger degree (Knisley et al., 1994).

2. Computationally modeling defibrillation and shock-induced arrhythmogenesis

Comprehensive mechanistic insight into defibrillation remains a major scientific frontier and
the 3D bidomain model is an important tool to complement and interpret experimental
observations. The quest to unravel how shocks could succeed in terminating fibrillation
or how they could re-instate arrhythmia has driven the technological aspects of computer
simulations of 3D bidomain activity. In order to be able to simulate electrical processes
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Fig. 3. An important insight learned from the bidomain model is that the etiology of VEPs is
determined by both field configuration as well as tissue structure. Shown are shock-induced
polarization patterns as a function of field and tissue configuration. Top panels: Shown are
the extracellular electric potentials Φe as induced by two point-like electrodes (left) and
line-like electrodes (right). Red(blue) indicates cathodal (anodal) stimulus. Left panels: Two
tissue configurations are shown, a homogeneous configuration with straight fibers only
(top), and a configuration where fiber orientation varies as a function of space (bottom).
Preferred longitudinal axes of the tissue is indicated by dashed lines. Central panels:
Shock-induced polarization patterns for all possible combinations between field and tissue
configuration. In the case of plate electrodes with a homogeneous tissue structure only
surface polarizations close to the electrode locations are observed. The bulk of the tissue
remains essentially unaffected.

driven by the delivery of shocks to the ventricles, computational research has managed to
overcome tremendous difficulties associated with obtaining solutions of very large systems
of unknowns, involving stiff equations and computational meshes of irregular geometry. A
brief overview of the computational approaches involved in conducting simulations of shock
administration and post-shock arrhythmogenesis is presented below.

2.1 Simulating cardiac bioelectric activity at the tissue and organ level
Computer models of cardiac biolelectric activity are built upon first principles which represent
the movement of ions in within the myocardial tissue. A building block of central importance
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are cardiac myocytes which make up the tissue. A myocyte is of roughly cylindrical shape,
∼100μm long and 10-20μm in diameter. The intracellular spaces of adjacent myocytes are
interconnected by specialized connexins referred to as gap junctions (Desplantez et al., 2007).
The connexin expression over the cell is heterogeneous with a higher density of gap junctions
at the intercalated discs located at the cell ends (along the long axis of the cell) and a lower
density along the lateral boundaries (Gourdie et al., 1991; Hoyt et al., 1989), and different
connexins of varying conductance are expressed in different regions of the heart (Severs et al.,
2008). As a consequence of the elongated cellular geometry as well as the directionally varying
gap junction density current flows more readily along the longitudinal axes of the cells than
transverse to it. This property is referred to as anisotropy. Cardiac tissue is composed of two
spaces: an intracellular space formed by the interconnected network of myocytes, and the cleft
spaces between myocytes referred to as interstitial space which is made up of the extracellular
matrix and the interstitial fluid. The extracellular matrix consists of networks of collagen
fibers which determine the passive mechanical properties of the myocardium. Electrically, it
is assumed that the preferred directions are co-aligned between the two spaces, but that the
conductivity ratios between the principal axes are unequal between the two domains (Clerc,
1976; Hooks et al., 2007; Roberts & Scher, 1982; Roth, 1997). All parameters influencing the
electrical properties of the tissue, such as density and conductance of gap junctions, cellular
geometry, orientation and cell packing density, and the composition of the interstitial space,
are heterogeneous and may vary at all size scales, from the cellular level up to the organ.
As a consequence, direction and speed of a propagating electric wave is constantly modified
by interactions with discontinuous spatial variations in material properties at various size
scales. At a finer size scale below the space constant, λ, of the tissue, i.e. <1mm, the tissue
is best characterized as a discrete network in which the electrical impulse propagates in a
discontinuous manner (Kleber & Rudy, 2004; Spach & Heidlage, 1995). At a larger more
macroscopic size scale (� λ) the tissue behaves as a continuous functional syncytium where
the effects of small-scale discontinuities are assumed to play a minor role.
Theoretically, the idea of modeling an entire heart by using models of a single cell as
the basic building block is conceivable. However, the associated computational costs are
prohibitive with current computing hardware, since a single heart consists of roughly 5
billion cells. Although a few high resolution modeling studies have been conducted where
small tissue preparations were discretized at a sub-cellular resolution (Hooks et al., 2007;
Roberts et al., 2008; Spach & Heidlage, 1995), in general the spatial discretization steps
were chosen based on the spatial extent of electrical wave fronts and not on the size scales
of the tissue’s micro-structures. For this sake cardiac tissue is treated as a continuum for
which appropriate material parameters have to be determined which translate the discrete
cellular matrix into an electrically analog macroscopic representation. In principle, this is
achieved by averaging material properties over suitable length scales such that both potential
and current solution match between homogenized and discrete representation. A rigorous
mathematical framework for this procedure is provided by homogenization theory which
has been applied by several authors to the bidomain problem (Hand et al., 2009; Henriquez,
1993; Neu & Krassowska, 1993; Pennacchio M. et al., 2006). Homogenization is a two-step
process where the intracellular and interstitial domain are homogenized in a first step and
the two respective domains are spread out and overlapped to fill the entire tissue domain.
This concept of interpenetrating domains states that everywhere within the entire myocardial
volume intracellular space, extracellular space and the cellular membrane coexist (Fig. 4).
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The connexin expression over the cell is heterogeneous with a higher density of gap junctions
at the intercalated discs located at the cell ends (along the long axis of the cell) and a lower
density along the lateral boundaries (Gourdie et al., 1991; Hoyt et al., 1989), and different
connexins of varying conductance are expressed in different regions of the heart (Severs et al.,
2008). As a consequence of the elongated cellular geometry as well as the directionally varying
gap junction density current flows more readily along the longitudinal axes of the cells than
transverse to it. This property is referred to as anisotropy. Cardiac tissue is composed of two
spaces: an intracellular space formed by the interconnected network of myocytes, and the cleft
spaces between myocytes referred to as interstitial space which is made up of the extracellular
matrix and the interstitial fluid. The extracellular matrix consists of networks of collagen
fibers which determine the passive mechanical properties of the myocardium. Electrically, it
is assumed that the preferred directions are co-aligned between the two spaces, but that the
conductivity ratios between the principal axes are unequal between the two domains (Clerc,
1976; Hooks et al., 2007; Roberts & Scher, 1982; Roth, 1997). All parameters influencing the
electrical properties of the tissue, such as density and conductance of gap junctions, cellular
geometry, orientation and cell packing density, and the composition of the interstitial space,
are heterogeneous and may vary at all size scales, from the cellular level up to the organ.
As a consequence, direction and speed of a propagating electric wave is constantly modified
by interactions with discontinuous spatial variations in material properties at various size
scales. At a finer size scale below the space constant, λ, of the tissue, i.e. <1mm, the tissue
is best characterized as a discrete network in which the electrical impulse propagates in a
discontinuous manner (Kleber & Rudy, 2004; Spach & Heidlage, 1995). At a larger more
macroscopic size scale (� λ) the tissue behaves as a continuous functional syncytium where
the effects of small-scale discontinuities are assumed to play a minor role.
Theoretically, the idea of modeling an entire heart by using models of a single cell as
the basic building block is conceivable. However, the associated computational costs are
prohibitive with current computing hardware, since a single heart consists of roughly 5
billion cells. Although a few high resolution modeling studies have been conducted where
small tissue preparations were discretized at a sub-cellular resolution (Hooks et al., 2007;
Roberts et al., 2008; Spach & Heidlage, 1995), in general the spatial discretization steps
were chosen based on the spatial extent of electrical wave fronts and not on the size scales
of the tissue’s micro-structures. For this sake cardiac tissue is treated as a continuum for
which appropriate material parameters have to be determined which translate the discrete
cellular matrix into an electrically analog macroscopic representation. In principle, this is
achieved by averaging material properties over suitable length scales such that both potential
and current solution match between homogenized and discrete representation. A rigorous
mathematical framework for this procedure is provided by homogenization theory which
has been applied by several authors to the bidomain problem (Hand et al., 2009; Henriquez,
1993; Neu & Krassowska, 1993; Pennacchio M. et al., 2006). Homogenization is a two-step
process where the intracellular and interstitial domain are homogenized in a first step and
the two respective domains are spread out and overlapped to fill the entire tissue domain.
This concept of interpenetrating domains states that everywhere within the entire myocardial
volume intracellular space, extracellular space and the cellular membrane coexist (Fig. 4).
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Fig. 4. a) Cardiac tissue is made up of discrete myocytes which are interconnected via gap
junctions. b) Discrete structures in both the intracellular as well as the interstitial space are
homogenized to arrive at a continuum representation, which matches electrical properties
between discrete microscopic size scale and continuous macroscopic size scale. Further, both
homogenized domains are overlapped, separated by a membrane at each point in space
(interpenetrating domains). c) Discrete representation of both conductive domains and
membrane, as discretized by a finite difference approach.

2.2 Governing equations
The bidomain equations(Plonsey, 1988) describe the electrical behavior of cardiac tissue as a
syncytium, where all tissue parameters are accounted for in an averaged sense. The domains
of interest, intracellular and extracellular, and the cellular membranes which physically
separate the two domains, are distributed over the entire tissue volume. The bidomain
equations state that currents that enter the intracellular or extracellular spaces by crossing the
cell membrane represent the sources for the intracellular potential, φi, and the extracellular
potential, φe,

∇ ·σi∇φi = βIm (1)

∇ ·σe∇φe = −βIm − Ie (2)

Im = Cm
∂Vm

∂t
+ Iion(Vm,η)− Istim (3)

Vm = φi − φe, (4)

where σi and σe are the intracellular and extracellular conductivity tensors, respectively, β
is the bidomain membrane surface to volume ratio, Im is the transmembrane current density,
Istim is the current density of the transmembrane stimulus used to initiate an action potential,
Ie is the current density of the extracellular stimulus, Cm is the membrane capacitance per unit
area, Vm is the transmembrane potential, and Iion is the density of the total current flowing
through the membrane ionic channels, pumps and exchangers, which depends on Vm and a
set of state variables, η. At the tissue boundaries, electrical isolation is assumed, which is
accounted for by imposing no-flux boundary conditions on φe and φi.
If, however, cardiac tissue is surrounded by a conductive medium, such as blood in the
ventricular cavities or a perfusing bath (Tyrode solution) in which the heart is submerged,
then Laplace equation has to be additionally solved

∇ · σb∇φe = 0, (5)
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where σb is the isotropic conductivity of the conductive medium. In this case no-flux boundary
conditions are assumed at the boundaries of the conductive medium, whereas continuity of
the normal component of the extracellular current and continuity of φe are enforced at the
tissue-bath interface. The no-flux boundary conditions for φi remain the same.
For most applications the bidomain equations are recast into other forms by substituting eq.(4)
into (1) and (2) and executing algebraic transformations. Several ways to recast the bidomain
equations have been proposed; a systematic overview of the different linear transformations
is found in (Hooke et al., 1994). A widely used transformation is to add eqs. (1) and (2) and
replace φi by Vm + φe (Pollard et al., 1992)

∇ · (σi +σe)∇φe = −∇ ·σi∇Vm − Ie (6)

∇ ·σi∇Vm = −∇ ·σi∇φe + βIm, (7)

which retains Vm and φe as the independent variables. For comparison of tissue and organ
level simulations with experimental data this is advantageous since φe can be measured via
electrical mapping techniques and optical mapping techniques allow to record signals Vopt ∝
Vm.

2.3 Computational considerations
Large-scale computational studies employing the bidomain model in general, and
defibrillation studies in particular, have remained a challenge even though computer speed
and memory have dramatically increased. There are numerous factors which render any
numerical solution of the bidomain equations computationally challenging. First, the
upstroke of the action potential is very fast, lasting only ∼ 1ms. These fast transients translate
into a steep propagating wavefront in space where the depolarization wavefront extends
only a few hundreds of μm. As a consequence, both spatially fine-grained computational
grids and a high temporal resolution is required to faithfully capture wavefront propagation.
Further, the discretized domain of interest has to be chosen large enough to support reentrant
wave propagation when studying the formation, maintenance and termination of cardiac
arrhythmias. With constraints on spatial discretization as mentioned above, the results is a
large system, on the order of 0.1 to 100 million degrees of freedom. Finally, the maximum time
step which can be taken to advance the solution of the bidomain equations in time is limited,
either by stability (Courant et al., 1928) or accuracy constraints. Since the physiological
processes of interest take place over seconds or minutes, temporal step size limits necessitate
a large number of time steps, typically in the range from tens to hundreds of thousands.
Beyond the high computational load imposed by bidomain simulations in general, there are
numerous additional methodological challenges which need to be addressed when using
computer models for studying the delivery of defibrillation shocks. To model the effect
of extracellularly applied fields, the use of unstructured grids for anatomically realistic
models of the heart is mandatory as to allow smooth representation of the organ’s surfaces.
Jagged boundaries, which inevitably form along the organ surfaces when regular structured
or block structured grids are employed, cause spurious polarizations upon delivery of a
defibrillation-strength shock. Further, even finer spatial discretization may be required since
large transmembrane voltage gradients are induced by the shock; for instance, in a passive
2D bidomain study (Aguel et al., 1999) a voltage drop of 1V over a distance as short as 100
μm has been reported. Another serious difficulty is the use of state-of-the-art ionic models
which incorporate now up to several tens of state variables of ever increasing stiffness. These
models are developed and tested within the normal physiological range of action potentials,
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equations have been proposed; a systematic overview of the different linear transformations
is found in (Hooke et al., 1994). A widely used transformation is to add eqs. (1) and (2) and
replace φi by Vm + φe (Pollard et al., 1992)

∇ · (σi +σe)∇φe = −∇ ·σi∇Vm − Ie (6)

∇ ·σi∇Vm = −∇ ·σi∇φe + βIm, (7)

which retains Vm and φe as the independent variables. For comparison of tissue and organ
level simulations with experimental data this is advantageous since φe can be measured via
electrical mapping techniques and optical mapping techniques allow to record signals Vopt ∝
Vm.
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Large-scale computational studies employing the bidomain model in general, and
defibrillation studies in particular, have remained a challenge even though computer speed
and memory have dramatically increased. There are numerous factors which render any
numerical solution of the bidomain equations computationally challenging. First, the
upstroke of the action potential is very fast, lasting only ∼ 1ms. These fast transients translate
into a steep propagating wavefront in space where the depolarization wavefront extends
only a few hundreds of μm. As a consequence, both spatially fine-grained computational
grids and a high temporal resolution is required to faithfully capture wavefront propagation.
Further, the discretized domain of interest has to be chosen large enough to support reentrant
wave propagation when studying the formation, maintenance and termination of cardiac
arrhythmias. With constraints on spatial discretization as mentioned above, the results is a
large system, on the order of 0.1 to 100 million degrees of freedom. Finally, the maximum time
step which can be taken to advance the solution of the bidomain equations in time is limited,
either by stability (Courant et al., 1928) or accuracy constraints. Since the physiological
processes of interest take place over seconds or minutes, temporal step size limits necessitate
a large number of time steps, typically in the range from tens to hundreds of thousands.
Beyond the high computational load imposed by bidomain simulations in general, there are
numerous additional methodological challenges which need to be addressed when using
computer models for studying the delivery of defibrillation shocks. To model the effect
of extracellularly applied fields, the use of unstructured grids for anatomically realistic
models of the heart is mandatory as to allow smooth representation of the organ’s surfaces.
Jagged boundaries, which inevitably form along the organ surfaces when regular structured
or block structured grids are employed, cause spurious polarizations upon delivery of a
defibrillation-strength shock. Further, even finer spatial discretization may be required since
large transmembrane voltage gradients are induced by the shock; for instance, in a passive
2D bidomain study (Aguel et al., 1999) a voltage drop of 1V over a distance as short as 100
μm has been reported. Another serious difficulty is the use of state-of-the-art ionic models
which incorporate now up to several tens of state variables of ever increasing stiffness. These
models are developed and tested within the normal physiological range of action potentials,
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however, during the shock administration transmembrane voltages may rise significantly
beyond this range, even when ionic models are augmented with additional currents such
as electroporation currents (DeBruin & Krassowska, 1998) or hypothetical potassium currents
(Cheng, Tung & Sobie, 1999). Although these currents kick in at elevated transmembrane
voltages to cap the rise of Vm at a few hundreds of mV, transmembrane voltages still rises
well beyond the physiological range which could potentially entail undesirable behavior of
the model equations. Moreover, due to the even faster transients in state variables during
shock onset enforce, even smaller time steps may be required, making computations during
the shock very burdensome. Typically, modifications are required to render an ionic model
suitable for defibrillation studies (Ashihara & Trayanova, 2004; Skouibine et al., 2000b).
Finally, due to the nature of defibrillation, where shock success depends on a multitude of
parameters such as shock strength and timing, pulse shape and polarity or electrode geometry
and location, a large number of simulations is required to sweep the parameter space. For
instance, a standard problem is to determine the window of vulnerability for a given electrode
configuration, that is, for which range of shock strength and coupling intervals the tissue is
vulnerable to arrhythmia induction. Such studies involve the construction of vulnerability
grids where N timings and M shock strengths have to be tested. Therefore a total of N × M
shocks need to be computed and N × M simulations of post-shock evolution need to be
performed to determine arrhythmia inducibility for each combination.

2.4 Spatial discretization
Various spatial discretization techniques have been applied to the cardiac bidomain problem,
most notably the finite difference method (FDM) (Potse et al., 2006; Skouibine et al., 2000a),
the finite volume method (FVM) (Harrild & Henriquez, 1997; Trew, Le Grice, Smaill &
Pullan, 2005) and the finite element method (FEM) (Rogers & McCulloch, 1994; Vigmond
et al., 2002), although other non-standard techniques such as the interconnected cable model
have been employed successfully as well (Leon & Roberge, 1991; Wang et al., 1996). In
general, the FDM is easiest to implement, but the method does not accommodate complex
boundaries as naturally as the FEM or the FVM do. Although suggestions were made to
overcome this limitation by employing the phase-field approach (Fenton et al., 2005) or other
generalizations (Buist et al., 2003; Trew, Smaill, Bullivant, Hunter & Pullan, 2005), the FDM
looses its most appealing advantage, the ease of implementation. FEM and FVM are both very
well suited for spatial discretizations of complex geometries with smooth representations of
the boundaries, which is a key feature when polarization patterns induced via extracellularly
applied currents are to be studied. Both FVM and FEM have been used to model electrical
activity in anatomical realistic models of the atria (Harrild & Henriquez, 2000; Seemann et al.,
2006; Vigmond et al., 2004; Virag et al., 2002) as well as the ventricles (Ashihara et al., 2008;
Plank et al., 2009; Potse et al., 2006; Ten Tusscher et al., 2007). Mesh generation requirements
are similar for both techniques, that is, the domain of interest has to be tessellated into a set of
non-overlapping and conformal geometric primitives (Fig. 5). With the FVM, quadrilaterals
in 2D (Harrild & Henriquez, 1997) and hexahedral elements in 3D (Harrild & Henriquez,
2000; Trew, Le Grice, Smaill & Pullan, 2005) have been preferred, whereas with the FEM,
triangles and quadrilaterals were used in 2D and tetrahedral (Plank et al., 2009) or hexahedral
elements in 3D (Munteanu et al., 2009; Seemann et al., 2006). Typically, monolithic meshes
consisting of one element type only were used, but exception exist (Prassl et al., 2009; Rocha
et al., 2011) where hybrid meshes consisting of tetrahedra, hexahedra, pyramids and prisms
were used. Further, most FEM studies relied on the Galerkin FEM where linear test functions
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with tetrahedral elements (Franzone et al., 2006; Sundnes et al., 2006; Vigmond et al., 2002),
isoparametric trilinear test functions with hexahedral elements (Munteanu et al., 2009) or
cubic-hermite hexahedral elements (Rogers & McCulloch, 1994; Saucerman et al., 2004) were
used.
Independently of the spatial discretization technique, the choice of space step, h, is of major
importance. It is known since very early modeling studies that the solution of the bidomain
equations does depend, to a certain degree, on h, even with very fine spatial discretizations
(Pollard et al., 1993). This sensitivity has to be attributed to the non-linearity and stiffness of
the reaction term which entails an extremely fast upstroke of the cardiac action potential,
lasting ∼ 1 ms only. When propagating, a fast upstroke in time translates into a steep
wavefront in space. Depending on tissue conductivity and cellular excitability, physiological
conduction velocities range between 0.2 - 0.7 m/s within the myocardium which translates an
upstroke duration of 1 ms duration into a wavefront that extends 200-700 μm in space. Under
pathological situations where tissue conductivity and/or excitability is reduced, conduction
velocity may be substantially slower, leading to wavefronts where the spatial extent may be
even below 100 μm. The spatial extent of a wavefront along a direction ζ is proportional to
the space constant, λζ ,

λζ =

√
1
β

σiζ σeζ

σiζ + σeζ
. (8)

It has been shown that for sufficiently small effective discretizations, Hζ = λζ /hζ < 0.15,
solutions converge with deviations in conduction velocity <1% (Pollard et al., 1993). In
practice, a trade-off has to be made between accuracy and computational tractability. In tissue
and organ scale modeling studies a standard choice for h, or for an average discretization h̄
when unstructured grids are considered, is 250μm, but finer (Plank et al., 2009) as well as
coarser discretizations (Ashihara et al., 2008; Saucerman et al., 2004) have been reported as
well. With very coarse discretizations, h >500 μm, and physiologically realistic models of
cellular dynamics simulations deviate substantially from results obtained at finer resolutions.
Conduction velocities at such coarse grids are underestimated to different degrees as a
function of direction, leading to wavefront distortions (Clayton et al., 2011), even conduction
block may occur as a numerical side effect due to spatial undersampling.

2.5 Construction of models of cardiac anatomy
In order to construct geometrically-realistic models of cardiac anatomy, such information must
be first obtained via various different imaging modalities, to then be processed and used in
model construction. In the past decade or so, efforts have been focused towards developing
techniques to construct 3D computational cardiac models directly from non-invasive 3D
imaging modalities such as magnetic resonance (MR). In the last few years, the advent of
stronger magnets and refined scanning protocols has significantly increased the resolution of
anatomical MR scans, such that small mammalian hearts now can have MR voxel dimensions
of ≈ 20 − 25 μm (Burton et al., 2006; Plank et al., 2009). An example of a high resolution
anatomical MR scan of a rabbit heart with voxel resolution ≈ 25 μm isotropic is shown
in Fig. 5. As a result of this increase in attainable resolution, anatomical MR imaging is
now capable of providing a wealth of information regarding fine-scaled cardiac structural
complexity. Such MR data is currently allowing accurate identification of microscopic features
such as the coronary vasculature, extracellular cleft spaces and the free-running Purkinje
system, as well as macroscopic structures such as trabeculations and papillary muscles.
In addition, information regarding the organization of cardiomyocytes into cardiac fibers
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looses its most appealing advantage, the ease of implementation. FEM and FVM are both very
well suited for spatial discretizations of complex geometries with smooth representations of
the boundaries, which is a key feature when polarization patterns induced via extracellularly
applied currents are to be studied. Both FVM and FEM have been used to model electrical
activity in anatomical realistic models of the atria (Harrild & Henriquez, 2000; Seemann et al.,
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Plank et al., 2009; Potse et al., 2006; Ten Tusscher et al., 2007). Mesh generation requirements
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in 2D (Harrild & Henriquez, 1997) and hexahedral elements in 3D (Harrild & Henriquez,
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well. With very coarse discretizations, h >500 μm, and physiologically realistic models of
cellular dynamics simulations deviate substantially from results obtained at finer resolutions.
Conduction velocities at such coarse grids are underestimated to different degrees as a
function of direction, leading to wavefront distortions (Clayton et al., 2011), even conduction
block may occur as a numerical side effect due to spatial undersampling.

2.5 Construction of models of cardiac anatomy
In order to construct geometrically-realistic models of cardiac anatomy, such information must
be first obtained via various different imaging modalities, to then be processed and used in
model construction. In the past decade or so, efforts have been focused towards developing
techniques to construct 3D computational cardiac models directly from non-invasive 3D
imaging modalities such as magnetic resonance (MR). In the last few years, the advent of
stronger magnets and refined scanning protocols has significantly increased the resolution of
anatomical MR scans, such that small mammalian hearts now can have MR voxel dimensions
of ≈ 20 − 25 μm (Burton et al., 2006; Plank et al., 2009). An example of a high resolution
anatomical MR scan of a rabbit heart with voxel resolution ≈ 25 μm isotropic is shown
in Fig. 5. As a result of this increase in attainable resolution, anatomical MR imaging is
now capable of providing a wealth of information regarding fine-scaled cardiac structural
complexity. Such MR data is currently allowing accurate identification of microscopic features
such as the coronary vasculature, extracellular cleft spaces and the free-running Purkinje
system, as well as macroscopic structures such as trabeculations and papillary muscles.
In addition, information regarding the organization of cardiomyocytes into cardiac fibers
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(Streeter et al., 1969), as well as the laminar structure of the myocardial wall (LeGrice et al.,
1995) is required to account for orthotropic tissue properties. Such data is unattainable with
normal anatomical MR imaging, however, the eigenaxes of the tissue can be estimated in 3D
using diffusion-tensor MR imaging (DT-MRI).
This information must then be processed and transformed into a usable format to facilitate
the generation of anatomically-detailed computational cardiac models. A first processing step
is to faithfully extract the complex geometrical information present in the image stacks. This
procedure, referred to as segmentation, involves labeling voxels based-on their association
with different regions, types of tissue, objects or boundaries within the image. Ideally,
computational algorithms are employed, which automatically segment regions of interest
within the image with little or no manual input. For generating a computational model it
is required to discriminate those voxels in the MR data set which belong to cardiac ‘tissue’
from those which represent non-tissue or ’background’, effectively translating a gray-scale
MR image data set into a binary black/white (0/1) image mask.
In a final step, classified objects in the binarized image stacks are tessellated into finite
element meshes. The construction of such meshes is a highly non-trivial task. Recent
advances in image-based mesh generation techniques allow the direct construction of finite
element meshes using segmented image stacks as input (Prassl et al., 2009). Although
the exceptionally high resolution of such data sets currently being obtained can provide
unprecedented insight regarding intact cardiac anatomical structure, faithfully transferring
this information into a finite element mesh that is both of good quality and is computationally
tractable, is a significant challenge. A widely used approach is based on a recently
published image-based unstructured mesh generation technique (Prassl et al., 2009) or its
commercial implementation Tarantula (www.meshing.at, CAE-Software Solutions,
Eggenburg, Austria). This method uses a modified dual mesh of an Octree applied
directly to segmented 3D image stacks. The algorithm operates fully automatically with no
requirements for interactivity and generates accurate volume-preserving representations of
arbitrarily complex geometries with smooth surfaces. The generated unstructured meshes
are hybrid, hexahedra-dominant, boundary fitted, locally refined, conformal finite element
meshes (see Fig. 5, middle panel). The smooth nature of the surfaces ensures general
applicability of the meshes generated, in particular for studies involving the application of
strong external stimuli, since the smooth, unstructured grids lack jagged boundaries that can
introduce spurious currents due to tip effects, as is the case for structured grids. To reduce
the overall computational load of the meshes, unstructured grids can be generated adaptively
such that the spatial resolution varies throughout the domain. Fine discretizations with little
adaptivity can be used to model the myocardium thus minimizing undesired effects of grid
granularity on propagation velocity, whilst coarser elements that grow in size with distance
from myocardial surfaces are generated to represent a surrounding volume conductor (e.g.
tissue bath or torso for example). Using adaptive mesh generation techniques facilitates the
execution of bidomain simulations with a minimum of overhead due to the discretization of
a surrounding volume conductor.

2.6 Numerical schemes
Among the possible castings of the bidomain equations, the one presented as (6) and (7) is the
most popular. In the most general case, where a conducting medium is in contact with the
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Fig. 5. Image based mesh generation pipeline for constructing geometrically detailed models
of cardiac anatomy. Medical image stacks are segmented and fed into an image-based mesh
generation algorithm which tessellates classified objects in the image stack into finite element
meshes which are suitable for being used in bidomain simulations.

myocardium, the bidomain equations are written as
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Numerically, the bidomain equations can be solved as a coupled system (Vigmond et al., 2002)
or alternatively, operator splitting techniques are applied (Keener & Bogar, 1998) to decouple
the computing scheme into three components, an elliptic partial differential equation (PDE),
a parabolic PDE, and a set of non-linear ODEs. It has been shown that the decoupled scheme
converges quickly against the coupled scheme by employing a Block Gauss-Seidel iteration
(Pennacchio & Simoncini, 2002). However, in most studies the components are essentially
treated as independent. Solutions are then found by leap-frogging between the decoupled
components where either Vm in (9) or Φe in (10) are considered as constant. In (Vigmond
et al., 2002) it has been found that with small error tolerances the differences between coupled
and decoupled approaches are negligible.
Discretizing the decoupled bidomain equations leads to a three-step scheme, which involves
a solution of the parabolic PDE, the elliptic PDE and the non-linear system of ODEs at each
time step. The inner loop of this scheme is given by
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element meshes. The construction of such meshes is a highly non-trivial task. Recent
advances in image-based mesh generation techniques allow the direct construction of finite
element meshes using segmented image stacks as input (Prassl et al., 2009). Although
the exceptionally high resolution of such data sets currently being obtained can provide
unprecedented insight regarding intact cardiac anatomical structure, faithfully transferring
this information into a finite element mesh that is both of good quality and is computationally
tractable, is a significant challenge. A widely used approach is based on a recently
published image-based unstructured mesh generation technique (Prassl et al., 2009) or its
commercial implementation Tarantula (www.meshing.at, CAE-Software Solutions,
Eggenburg, Austria). This method uses a modified dual mesh of an Octree applied
directly to segmented 3D image stacks. The algorithm operates fully automatically with no
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arbitrarily complex geometries with smooth surfaces. The generated unstructured meshes
are hybrid, hexahedra-dominant, boundary fitted, locally refined, conformal finite element
meshes (see Fig. 5, middle panel). The smooth nature of the surfaces ensures general
applicability of the meshes generated, in particular for studies involving the application of
strong external stimuli, since the smooth, unstructured grids lack jagged boundaries that can
introduce spurious currents due to tip effects, as is the case for structured grids. To reduce
the overall computational load of the meshes, unstructured grids can be generated adaptively
such that the spatial resolution varies throughout the domain. Fine discretizations with little
adaptivity can be used to model the myocardium thus minimizing undesired effects of grid
granularity on propagation velocity, whilst coarser elements that grow in size with distance
from myocardial surfaces are generated to represent a surrounding volume conductor (e.g.
tissue bath or torso for example). Using adaptive mesh generation techniques facilitates the
execution of bidomain simulations with a minimum of overhead due to the discretization of
a surrounding volume conductor.
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Among the possible castings of the bidomain equations, the one presented as (6) and (7) is the
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of cardiac anatomy. Medical image stacks are segmented and fed into an image-based mesh
generation algorithm which tessellates classified objects in the image stack into finite element
meshes which are suitable for being used in bidomain simulations.

myocardium, the bidomain equations are written as
[−∇ · (σi +σe)∇φe

−∇ · σb∇φe

]
=

[∇ ·σi∇Vm
Ie

]
(9)

∂Vm

∂t
=

1
βCm

(∇ ·σi∇Vm +∇ ·σi∇φe)

− 1
Cm

Iion(Vm,η) (10)

dη
dt

= g(Vm,η) (11)
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or alternatively, operator splitting techniques are applied (Keener & Bogar, 1998) to decouple
the computing scheme into three components, an elliptic partial differential equation (PDE),
a parabolic PDE, and a set of non-linear ODEs. It has been shown that the decoupled scheme
converges quickly against the coupled scheme by employing a Block Gauss-Seidel iteration
(Pennacchio & Simoncini, 2002). However, in most studies the components are essentially
treated as independent. Solutions are then found by leap-frogging between the decoupled
components where either Vm in (9) or Φe in (10) are considered as constant. In (Vigmond
et al., 2002) it has been found that with small error tolerances the differences between coupled
and decoupled approaches are negligible.
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a solution of the parabolic PDE, the elliptic PDE and the non-linear system of ODEs at each
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where the reaction and diffusion part of the parabolic PDE is split by employing a Strang
or a Gudunov scheme (Qu & Garfinkel, 1999; Sundnes et al., 2005). The parabolic portion
(12) is solved either by choosing θ = 0.5, which results in a Crank-Nicholson scheme, or
θ = 0.0, which results in an explicit forward Euler scheme. Depending on the choice of θ the
overall system is solved then either with a fully explicit scheme, or an implicit-explicit (IMEX)
scheme. The ODE integration approach in (13)-(14) is based on the Rush-Larsen method (Rush
& Larsen, 1978) where an analytical solution was used to update the fast gating variables, η f ,
where τ and η∞ are functions of the rate coefficients which govern channel gating, and an
explicit Euler step to update all other slower state variables, ηs (Maclachlan et al., 2007; Plank
et al., 2008).
Typically, additional Dirichlet boundary conditions have to be enforced for the elliptic PDE to
eliminate the Nullspace, otherwise the elliptic system is singular. This is usually achieved by
adding a grounding electrode, i.e. choosing nodes in the mesh where φe is set to zero, which
serves as the reference potential when simulating the shock, as it is the case in a real physical
setup.

2.7 Linear solvers
Although the PDEs are solved most efficiently with direct methods, this is possible for small
grids only (Plank et al., 2007; Vigmond et al., 2002); otherwise memory demands increase
quickly which, in turn, significantly increases the required number of operations per solver
step. Although direct methods have been implemented to run in parallel environments
(Amestoy et al., 2001; Li & Demmel, 2003), typically they are harder to parallelize due to
the fine-grained parallelism, which is communication-intense. For large systems, iterative
methods are mandatory.
When executing bidomain simulations on sequential computers, the main computational
burden can be attributed to the solution of the elliptic problem and the set of ODEs. Typically,
with simple ionic models, the elliptic problem contributes more than 90% to the overall
workload, whereas with recent ionic models involving very stiff ODEs (Cortassa et al., 2006;
Iyer et al., 2004), the ODE solution may even begin to dominate the computations. The
parabolic problem is typically less of a concern. On coarser meshes, where time steps are
limited by the ODEs, simple forward Euler steps can be employed to update Vm. In this case,
the contributions of the diffusional component (PDE) and the local membrane component
to changes in Vm can be updated separately, which renders the PDE linear. On finer grids,
semi-implicit Crank-Nicholson schemes perform well. Even when relatively cheap iterative
solvers are employed, the parabolic portion can be updated efficiently due to the diagonal
dominance of the linear system.
For large systems, on the order of several hundreds of thousands of unknowns, parallel
computing approaches are necessary to reduce execution times. The parallel computing
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context alleviate the problem of solving the set of ODEs. State variables in an ionic
model do not diffuse, which qualifies the ODEs as an embarrassingly parallel problem.
No communication between processors is required to update the state variable and thus
the parallel scaling of the ODE portion is linear. The parabolic problem is efficiently
solved in parallel as well (Niederer S. et al., 2011). Either only a forward Euler step
is required (essentially a matrix-vector product for which good scalability is expected),
or the well-posed diagonally-dominant linear system is solved efficiently with relatively
cheap iterative methods, such as preconditioned conjugate-gradient (CG). Typically, with an
incomplete LU (ILU) preconditioner for the iterative CG solver the parabolic problem can be
solved in less than 10 iterations.
The elliptic PDE is the most challenging problem. Standard iterative solvers like ILU-CG
typically require several hundreds of iterations to converge, which makes this solution
significantly more expensive than that of the parabolic system, although both systems share
the same sparsity pattern. The parallel scaling of standard iterative solvers is fairly good
(Plank et al., 2007); for instance, a parallel ILU-CG solver, where the system is decomposed
by a Block Jacobi preconditioner with ILU(0), i.e. an incomplete LU factorization with zero
fill-in levels that preserves the sparsity pattern of the original matrix, used as a subblock
preconditioner, exhibits good parallel scaling (Plank et al., 2007). With fewer number of
processors, ILU(N) with N levels of fill-in tends to be more efficient, however, with an
increasing number of processors the efficiency of the preconditioning deteriorates since the
preconditioner is applied to the main diagonal block only. This can be circumvented by
employing overlapping block preconditioners such as additive Schwarz methods, however,
they increase the communication burden, which, depending on the particular hardware, may
be undesirable.
It has been demonstrated in several recent studies (Austin et al., 2006; Plank et al.,
2007; Weber dos Santos et al., 2004) that multilevel preconditioners for CG methods both
significantly improve the overall performance and show reasonable parallel efficiency (better
than 80%) for up to 128 processors. A generally applicable algebraic multigrid preconditioner
(AMG) in conjunction with an iterative Krylov solver reduces the number of iterations per
solver step by almost two orders of magnitude compared to ILU-CG. Although a single
iteration with AMG is significantly more expensive than with ILU, the reduction in number
of iterations clearly favors a multilevel approach. In (Plank et al., 2007), a speedup of 6 was
reported. Using AMG-CG is, to date, the most efficient method for solving the elliptic portion
of the bidomain equations. The method is particularly well suited for defibrillation studies
since it is computationally efficient and handles unstructured grids straightforwardly.
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(AMG) in conjunction with an iterative Krylov solver reduces the number of iterations per
solver step by almost two orders of magnitude compared to ILU-CG. Although a single
iteration with AMG is significantly more expensive than with ILU, the reduction in number
of iterations clearly favors a multilevel approach. In (Plank et al., 2007), a speedup of 6 was
reported. Using AMG-CG is, to date, the most efficient method for solving the elliptic portion
of the bidomain equations. The method is particularly well suited for defibrillation studies
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What Can We Do Before Defibrillation? 
Chunsheng Li, Shuo Wang and Junyuan Wu 

Beijing Chaoyang Hospital, Affiliated to Capital Medical University, 
China 

1. Introduction 
The introduction of closed-chest massage by Kouwenhoven, Jude and Knickerbocker in 1960 
was one of the key components of resuscitation that made recovery from sudden cardiac 
arrest (SCA) a realistic possibility, both in hospital and in the community. 
The guidelines for cardiopulmonary resuscitation (CPR) of American Heart Association 
(AHA) were progressing from 1992. The 1992 guidelines for CPR and emergency cardiac 
care (ECC) described early access, early CPR, early defibrillation, and early advanced 
cardiovascular life support (ACLS), namely the ‘chain of survival’, as essential components 
of a series of actions designed to reduce the mortality associated with SCA. 
The 2000 guidelines for CPR and ECC reported that the intervals of collapse to conventional 
CPR and collapse to defibrillation were most powerful factors in determining survival from 
cardiac arrest. 2005 guidelines for CPR and ECC have reported that survival rates from 
witnessed cardiac arrest due to shockable rhythm (i.e., ventricular fibrillation or pulseless 
ventricular tachycardia) decrease 7–10% for every minute that passes between collapse and 
defibrillation if no CPR by bystanders is provided, but the decrease in survival rates is more 
gradual and average 3–4% per minute from collapse to defibrillation when bystander 
conventional CPR is provided. 
Now the 2010 guidelines have been announced by AHA. Initiating chest compressions 
before giving rescue breaths (i.e. C-A-B rather than A-B-C) has been advocated. 
In the past five decades, scientific knowledge about arrest pathophysiology and resuscitation 
mechanisms has increased substantially; it is also a cause of effectively translating the science 
of resuscitation into clinical care and improving resuscitation outcomes. 

2. Recognition of SCA 
Immediate recognition of cardiac arrest is the first step of the survival chain. Prompt 
emergency activation and initiation of CPR requires rapid recognition of SCA. 
SCA is death resulting from an abrupt loss of heart function. The victim may or may not 
have diagnosed heart disease. Most of the cardiac arrests that lead to sudden death occur 
when the electrical impulses in the diseased heart become rapid (ventricular tachycardia) or 
chaotic (ventricular fibrillation) or both.  
Agonal gasps are common early after SCA and can be confused with normal breathing. It 
has been recognized as a signal of SCA. 
Pulse detection alone is often unreliable, and it may require additional time. Detection of a 
pulse can be difficult, and even highly trained healthcare providers often incorrectly assess 
the presence or absence of a pulse when blood pressure is abnormally low or absent. 
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Healthcare providers should take no more than 10 seconds to determine if a pulse is present. 
The lay rescuer should activate the emergency response system if he or she finds an 
unresponsive adult. The lay rescuer should not attempt to check for a pulse and should 
assume that cardiac arrest is present if an adult suddenly collapses, is unresponsive, and is 
not breathing or not breathing normally.  

3. What can we do before defibrillation? 
It's essential to integrate early defibrillation into an effective emergency cardiovascular care 
system.  
• Early Access — quickly calling the Emergency Medical Services (9-1-1) system  
• Early CPR — promptly giving cardiopulmonary resuscitation  
• Early Defibrillation — having proper equipment and being trained to use it when 

indicated 
 

 
Fig. 1. Adult Chain of Survival. 

4. Call EMS 
Calling the Emergency Medical Services (9-1-1) system or your local emergency number 
immediately is the first important help that you can provide to a SCA victim. 
When phoning 911 for help, the rescuer should be prepared to answer the dispatcher’s 
questions about location, what happened, number and condition of victims, and type of aid 
provided. The caller should hang up only when instructed to do so by the dispatcher and 
should then return to the victim to provide CPR and defibrillation if needed. 

5. Early CPR 
Victims of cardiac arrest need immediate CPR. CPR provides a small but critical amount of 
blood flow to the heart and brain. CPR prolongs the time VF is present and increases the 
likelihood that a shock will terminate VF and allow the heart to resume an effective rhythm 
and effective systemic perfusion. CPR is especially important if a shock is not delivered for 
4, 5 or more minutes after collapse. Defibrillation does not “restart” the heart; defibrillation 
“stuns” the heart, briefly stopping VF and other cardiac electrical activity. If the heart is still 
viable, its normal pacemakers may then resume firing and produce an effective ECG rhythm 
that may ultimately produce adequate blood flow. 
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Early CPR means giving CPR promptly and properly when necessary. When CPR is 
performed, mouth-to-mouth breathing and chest compressions circulate blood (and oxygen) 
to vital organs. This buys time until defibrillation, the next link in the chain of survival, can 
occur.  
The Early CPR link is strengthened when bystanders or callers know CPR and Emergency 
Medical Dispatchers can give CPR instructions by phone. 

6. Chest compressions 
Chest compressions consist of rhythmic applications of pressure over the lower half of the 
sternum. These compressions create blood flow by increasing intrathoracic pressure and 
directly compressing the heart. Blood flow generated by chest compressions delivers a small 
but critical amount of oxygen and substrate to the brain and myocardium. In victims of VF 
SCA, chest compressions increase the likelihood that a shock will be successful.  
The rescuer should compress the lower half of the victim’s sternum in the center (middle) of 
the chest, between the nipples. The rescuer should place the heel of the hand on the sternum 
in the center (middle) of the chest between the nipples and then place the heel of the second 
hand on top of the first so that the hands are overlapped and parallel.  

7. Open the airway: Lay rescuer and healthcare provider 
The lay rescuer should open the airway using a head tilt– chin lift maneuver for both injured 
and noninjured victims. The jaw thrust is no longer recommended for lay rescuers because it 
is difficult for lay rescuers to learn and perform, is often not an effective way to open the 
airway, and may cause spinal movement. A healthcare provider should use the head tilt– 
chin lift maneuver to open the airway of a victim without evidence of head or neck trauma. 
If a healthcare provider  uspects a cervical spine injury, open the airway using a jaw thrust 
without head extension. 
 
 
 

        
 
 

Fig. 2. Open the Airway with head tilt–chin lift maneuver or jaw thrust. 
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Early CPR means giving CPR promptly and properly when necessary. When CPR is 
performed, mouth-to-mouth breathing and chest compressions circulate blood (and oxygen) 
to vital organs. This buys time until defibrillation, the next link in the chain of survival, can 
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Fig. 2. Open the Airway with head tilt–chin lift maneuver or jaw thrust. 
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8. Breaths 
Give 2 rescue breaths, each over 1 second inspiratory time and tidal volume of about 600 
mL, with enough volume to produce visible chest rise. This recommended 1-second 
duration to make the chest rise applies to all forms of ventilation during CPR, including 
mouth-to-mouth and bag-mask ventilation and ventilation through an advanced airway, 
with and without supplementary oxygen. 
1. During the first minutes of VF SCA, rescue breaths are probably not as important as 

chest compressions because the oxygen level in the blood remains high for the first 
several minutes after cardiac arrest. In early cardiac arrest, myocardial and cerebral 
oxygen delivery is limited more by the diminished blood flow than a lack of oxygen in 
the blood. During CPR blood flow is provided by chest compressions. Rescuers must be 
sure to provide effective chest compressions and minimize any interruption of chest 
compressions. 

2. Both ventilations and compressions are important for victims of prolonged VF SCA, 
when oxygen in the blood is utilized. Ventilations and compressions are also important 
for victims of asphyxial arrest, such as children and drowning victims who are 
hypoxemic at the time of cardiac arrest. 

3. During CPR blood flow to the lungs is substantially reduced, so an adequate 
ventilation-perfusion ratio can be maintained with lower tidal volumes and respiratory 
rates than normal. Rescuers should not provide hyperventilation (too many breaths or 
too large a volume). Excessive ventilation is unnecessary and is harmful because it 
increases intrathoracic pressure, decreases venous return to the heart, and diminishes 
cardiac output and survival. 

4. Avoid delivering breaths that are too large or too forceful. Such breaths are not needed 
and may cause gastric inflation and its resultant complications. 

 
 

         
 

Fig. 3. Compression-ventilation ratio of 30:2CPR can be given by one or two rescuer. 
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9. Compression-ventilation ratio 
A compression-ventilation ratio of 30:2 is recommended. This 30:2 ratio is based on a 
consensus of experts rather than clear evidence. It is designed to increase the number of 
compressions, reduce the likelihood of hyperventilation, minimize interruptions in chest 
compressions for ventilation, and simplify instruction for teaching and skills retention. 

10. "A-B-C" to "C-A-B" 
The newest development in the 2010 AHA Guidelines for CPR and ECC is a change in the 
basic life support (BLS) sequence of steps from “A-B-C” (Airway, Breathing, Chest 
compressions) to“C-A-B” (Chest compressions, Airway, Breathing) for adults and pediatric 
patients (children and infants, excluding newly borns).  
The vast majority of cardiac arrests occur in adults, and the highest survival rates from 
cardiac arrest are reported among patients of all ages with witnessed arrest and a rhythm of 
VF or pulseless ventricular tachycardia (VT). In these patients the critical initial elements of 
CPR are chest compressions and early defibrillation. 
In the A-B-C sequence chest compressions are often delayed while the responder opens the 
airway to give mouth-to-mouth breaths or retrieves a barrier device or other ventilation 
equipment. By changing the sequence to C-A-B, chest compressions will be initiated sooner 
and ventilation only minimally delayed until completion of the first cycle of chest 
compressions 
Fewer than 50% of persons in cardiac arrest receive bystander CPR. There are probably 
many reasons for this, but one impediment may be the A-B-C sequence, which starts with 
the procedures that rescuers find most difficult: opening the airway and delivering rescue 
breaths. Starting with chest compressions might ensure that more victims receive CPR and 
that rescuers who are unable or unwilling to provide ventilations will at least perform chest 
compressions. 

11. Encouraging Hands-Only (chest compression only) CPR 
Cardiopulmonary resuscitation is traditionally defined as chest compression and ventilation. 
The need for chest compressions is unquestionable. The prompt initiation of effective chest 
compressions is a fundamental aspect of cardiac arrest resuscitation. Providing chest 
compressions of adequate rate, depth, complete chest recoil, minimizing interruptions and 
avoiding excessive ventilation are several most important factors of chest compression. 
Encouraging Hands-Only (compression only) CPR for the untrained lay rescuer has been 
advocated by AHA 2010 guidelines. That is not only because Hands-Only CPR is easier to 
perform by those with no training, but also because it can be more readily guided by 
dispatchers over the telephone. Performing chest compressions alone is reasonable for trained 
laypersons if they are incapable of delivering airway and breathing maneuvers to cardiac 
arrest victims. The provision of chest compressions with ventilations is reasonable for trained 
laypersons who are capable of giving CPR with ventilations to cardiac arrest victims. 

12. CPR or CCR? 
Cardiocerebral resuscitation (CCR) is a new approach to the resuscitation of patients with 
witnessed cardiac arrest and a shockable rhythm developed by the University Of Arizona  
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Sarver Heart Center Resuscitation Group that significantly improves neurologically intact 
survival. For ACLS, it advocates either prompt or delayed single defibrillation shock, based 
on the three-phase time-sensitive model of ventricular fibrillation. Endotracheal intubation 
is delayed, excessive ventilations avoided, and early administration of epinephrine is 
advocated. CCR is not recommended for individuals with respiratory arrest. Endotracheal 
intubation has adverse effects not only due to the relatively long interruptions of chest 
compressions during placement but also due to the adverse effects of positive pressure 
ventilation and frequent hyperventilation. 

13. Electrical therapies 
Integration of AED into a system of care is critical in the Chain of Survival in public places 
outside of hospitals. To give the victim the best chance of survival, 3 actions must occur 
within the first moments of a cardiac arrest: activation of the EMS system, provision of CPR, 
and operation of a defibrillator. 

14. AED 
Automated external defibrillator （AED） is designed to treat victims of sudden cardiac 
arrest, where no explicit advanced directive regarding resuscitation is recorded. An AED 
should be used when a victim is found to be unresponsive and not breathing normally 
and in a shockable rhythm for example ventricular fibrillation and ventricular 
tachycardia. 
Defibrillation will take priority to cardiopulmonary resuscitation unless there is more than 
one rescuer, where cardiopulmonary resuscitation can be commenced until the AED is 
brought to the scene, and its use can be initiated. 

15. Sequence of actions when using an AED 
The following sequence applies to the use of both semi-automatic and automatic AEDs in a 
ventricular fibrillation and pulseless ventricular tachycardia victim  
1. Follow the adult BLS sequence. Do not delay starting CPR unless the AED is available 

immediately. 
2. As soon as the AED arrives: 

If more than one rescuer is present, continue CPR while the AED is switched on. 
If you are alone, stop CPR and switch on the AED. 
Follow the voice / visual prompts. 
Attach the electrode pads to the patient’s bare chest. 
Ensure that nobody touches the victim while the AED is analysing the rhythm. 

3. If a shock is indicated: 
Ensure that nobody touches the victim. 
Push the shock button as directed 
Continue as directed by the voice / visual prompts. 
Minimise, as far as possible, interruptions in chest compression. 
If no shock is indicated: 
Resume CPR immediately using a ratio of 30 compressions to 2 rescue breaths. 
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Continue as directed by the voice / visual prompts. 
4. Continue to follow the AED prompts until: 

Qualified help arrives and takes over OR the victim starts to show signs of regaining 
consciousness, such as coughing, opening eyes, speaking, or moving purposefully and 
starts to breathe normally or you become exhausted. 

16. AED electrode pad placement in adults and/or children 
The AEDs in the Trust may have adult and/or child AED electrode pads, depending on the 
age of the client group in that particular service area. 
Adult AED pads are used on individuals above the age of 8 years, 
 

 
Fig. 4. AED electrode pad placement. 

Place one AED pad to the right of the sternum (breast bone), below the clavicle (collar bone). 
Place the other pad in the left mid-axillary line, in line with the armpit and below the left 
breast. 
It is important that this pad is placed sufficiently laterally and that it is clear of any breast 
tissue. 
Although most AED pads are labelled left and right or carry a picture of their correct 
placement, it does not matter if their positions are reversed. 
It is important if this happens ‘in error’, the pads should not be removed and replaced 
because this wastes time and they may not adhere adequately when re-attached. 
The victim’s chest must be sufficiently exposed to enable correct pad placement. Chest hair 
will prevent the pads adhering to the skin and will interfere with electrical contact. Shave 
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the chest only if the hair is excessive, and even then spend as little time as possible on this. 
Do not delay defibrillation if a razor is not immediately available.  
Child reduced energy AED electrode pads are suitable for children 1-8 years of age, these 
are placed in the anterior posterior position, with one pad, placed in the centre of the chest 
between the nipples and the other on the back between the scapulae (shoulder bones). 

17. Automated rhythm analysis 
AEDs have microprocessors that analyze multiple features of the surface ECG signal, 
including frequency, amplitude, and some integration of frequency and amplitude, such as 
slope or wave morphology. Filters check for QRS-like signals, radio transmission, or 50- or 
60-cycle interference as well as loose electrodes and poor electrode contact. They are 
extremely accurate in rhythm analysis. Although AEDs are not designed to deliver 
synchronized shocks (ie, cardioversion for VT with pulses), AEDs will recommend a 
(nonsynchronized) shock for monomorphic and polymorphic VT if the rate and R-wave 
morphology exceed preset values. 

18. Safety during AED use 
1. Defibrillation if the victim is wet 

As long as there is no direct contact between the user and the victim when the shock is 
delivered, there is no direct pathway that the electricity can take that would cause the 
user to experience a shock. 
Dry the victim’s chest so that the adhesive AED pads will stick and take particular care 
to ensure that no one is touching the victim when a shock is delivered. 

2. Defibrillation in the presence of supplemental oxygen 
If supplemental oxygen is being delivered by a face mask, remove the face mask and 
place it at least one metre away before delivering a shock. Do not allow this to delay 
shock delivery. 

3. Minimise interruptions in CPR 
The importance of early, uninterrupted chest compressions is emphasised throughout 
resuscitation guidelines. Interrupt CPR only when it is necessary to analyse the rhythm 
and deliver a shock. 

When two rescuers are present, the rescuer operating the AED applies the electrodes while 
the other continues CPR. The AED operator delivers a shock as soon as the shock is advised, 
ensuring that no one is in contact with the victim. Radio-Frequency interference from 
devices, such as Mobile phones can cause improper AED operation, and should be switched 
off near life support equipment. The AED electrode pads must completely adhere to the 
patient’s skin, air pockets between the skin and electrode pads can cause patient burns. The 
AED may prompt the Operator that there is ‘Poor Pad Contact’, if this occurs; re-check all 
electrical and patient connections. 
Do not use dried out AED electrode pads. 
Attach the AED pads only to the patient’s bare chest, do not allow the AED electrode pads 
to touch each other or other ECG electrodes, lead wires, dressings, transdermal patches, etc. 
Such contact can cause electrical arcing and patient skin burns during defibrillation and it 
may also divert the defibrillation current away from the heart. 
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If the AED detects a possible problem with the AED electrode pads or cable, It may alert the 
Operator with a ‘Replace Pads’ prompt, if this occurs remove the pads and replace with a 
new set. 

19. Precautions in using AED devices 
Do not place AED pads over medication patches such as nitroglycerin. Remove the patch 
before placing the AED pad. 
Do not apply pads over an implanted pacemaker or defibrillator. 
Do not use alcohol to wipe the patient's chest before applying the AED pads. 
Do not attach pads to any patient unless the patient is unresponsive, no breathing and no 
pulse. 
Do not press the shock button unless until no one is in contact with the patient. 
If a child pad is available, use the Child pad for children. 
Do not use AED's on infants ( NO AEDs are designe) yet for infant patients). 

20. Manual defibrillation 
At present it is clear that both low-energy and high-energy biphasic waveform shocks are 
effective, but definitive recommendations for the first and subsequent energy levels for all 
devices cannot be made because devices vary in waveform and reported shock success. 
Although both escalating-energy and nonescalating-energy defibrillators are available, there 
is insufficient data to recommend one approach over another. 

21. Which is first, compression or defibrillation? 
Prompt defibrillation is recommended if bystanders have ready access to an AED or if police 
or EMS personnel with AEDs arrive during the electrical phase, that is, the first 4 or 5 min of 
ventricular fibrillation arrest. During the circulatory phase of ventricular fibrillation arrest 
(VF 5-10 min), the fibrillating myocardium has used much of its energy stores, and chest 
compressions that perfuse the heart are necessary and, therefore, advocated prior to and 
immediately after a defibrillator shock. 

22. Criteria for not starting CPR 
Scientific evaluation shows that few criteria can accurately predict the futility of CPR. In 
light of this uncertainty, all patients in cardiac arrest should receive resuscitation unless 
• The patient has a valid Do Not Attempt Resuscitation (DNAR) order 
• The patient has signs of irreversible death (eg, rigor mortis, decapitation, 

decomposition, or dependent lividity) 
• No physiological benefit can be expected because vital functions have deteriorated 

despite maximal therapy (eg, progressive septic or cardiogenic shock).  

23. References 
2005 American Heart Association Guidelines for Cardiopulmonary Resuscitation and 

Emergency Cardiovascular Care. Circulation 2005; 112:IV1-IV203. 



 
Cardiac Defibrillation – Mechanisms, Challenges and Implications 

 

68

the chest only if the hair is excessive, and even then spend as little time as possible on this. 
Do not delay defibrillation if a razor is not immediately available.  
Child reduced energy AED electrode pads are suitable for children 1-8 years of age, these 
are placed in the anterior posterior position, with one pad, placed in the centre of the chest 
between the nipples and the other on the back between the scapulae (shoulder bones). 

17. Automated rhythm analysis 
AEDs have microprocessors that analyze multiple features of the surface ECG signal, 
including frequency, amplitude, and some integration of frequency and amplitude, such as 
slope or wave morphology. Filters check for QRS-like signals, radio transmission, or 50- or 
60-cycle interference as well as loose electrodes and poor electrode contact. They are 
extremely accurate in rhythm analysis. Although AEDs are not designed to deliver 
synchronized shocks (ie, cardioversion for VT with pulses), AEDs will recommend a 
(nonsynchronized) shock for monomorphic and polymorphic VT if the rate and R-wave 
morphology exceed preset values. 

18. Safety during AED use 
1. Defibrillation if the victim is wet 

As long as there is no direct contact between the user and the victim when the shock is 
delivered, there is no direct pathway that the electricity can take that would cause the 
user to experience a shock. 
Dry the victim’s chest so that the adhesive AED pads will stick and take particular care 
to ensure that no one is touching the victim when a shock is delivered. 

2. Defibrillation in the presence of supplemental oxygen 
If supplemental oxygen is being delivered by a face mask, remove the face mask and 
place it at least one metre away before delivering a shock. Do not allow this to delay 
shock delivery. 

3. Minimise interruptions in CPR 
The importance of early, uninterrupted chest compressions is emphasised throughout 
resuscitation guidelines. Interrupt CPR only when it is necessary to analyse the rhythm 
and deliver a shock. 

When two rescuers are present, the rescuer operating the AED applies the electrodes while 
the other continues CPR. The AED operator delivers a shock as soon as the shock is advised, 
ensuring that no one is in contact with the victim. Radio-Frequency interference from 
devices, such as Mobile phones can cause improper AED operation, and should be switched 
off near life support equipment. The AED electrode pads must completely adhere to the 
patient’s skin, air pockets between the skin and electrode pads can cause patient burns. The 
AED may prompt the Operator that there is ‘Poor Pad Contact’, if this occurs; re-check all 
electrical and patient connections. 
Do not use dried out AED electrode pads. 
Attach the AED pads only to the patient’s bare chest, do not allow the AED electrode pads 
to touch each other or other ECG electrodes, lead wires, dressings, transdermal patches, etc. 
Such contact can cause electrical arcing and patient skin burns during defibrillation and it 
may also divert the defibrillation current away from the heart. 

 
What Can We Do Before Defibrillation? 

 

69 

If the AED detects a possible problem with the AED electrode pads or cable, It may alert the 
Operator with a ‘Replace Pads’ prompt, if this occurs remove the pads and replace with a 
new set. 

19. Precautions in using AED devices 
Do not place AED pads over medication patches such as nitroglycerin. Remove the patch 
before placing the AED pad. 
Do not apply pads over an implanted pacemaker or defibrillator. 
Do not use alcohol to wipe the patient's chest before applying the AED pads. 
Do not attach pads to any patient unless the patient is unresponsive, no breathing and no 
pulse. 
Do not press the shock button unless until no one is in contact with the patient. 
If a child pad is available, use the Child pad for children. 
Do not use AED's on infants ( NO AEDs are designe) yet for infant patients). 

20. Manual defibrillation 
At present it is clear that both low-energy and high-energy biphasic waveform shocks are 
effective, but definitive recommendations for the first and subsequent energy levels for all 
devices cannot be made because devices vary in waveform and reported shock success. 
Although both escalating-energy and nonescalating-energy defibrillators are available, there 
is insufficient data to recommend one approach over another. 

21. Which is first, compression or defibrillation? 
Prompt defibrillation is recommended if bystanders have ready access to an AED or if police 
or EMS personnel with AEDs arrive during the electrical phase, that is, the first 4 or 5 min of 
ventricular fibrillation arrest. During the circulatory phase of ventricular fibrillation arrest 
(VF 5-10 min), the fibrillating myocardium has used much of its energy stores, and chest 
compressions that perfuse the heart are necessary and, therefore, advocated prior to and 
immediately after a defibrillator shock. 

22. Criteria for not starting CPR 
Scientific evaluation shows that few criteria can accurately predict the futility of CPR. In 
light of this uncertainty, all patients in cardiac arrest should receive resuscitation unless 
• The patient has a valid Do Not Attempt Resuscitation (DNAR) order 
• The patient has signs of irreversible death (eg, rigor mortis, decapitation, 

decomposition, or dependent lividity) 
• No physiological benefit can be expected because vital functions have deteriorated 

despite maximal therapy (eg, progressive septic or cardiogenic shock).  
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1. Introduction 
Automatic implantable cardioverter defibrillators (ICDs) have been used widely for the 
prevention of recurrent sudden cardiac death and the treatment of life-threatening 
ventricular tachyarrhythmias in ambulatory patients, since 1980 (Mirowski M et al., 1982). 
The remarkable efficacy of the ICD has been demonstrated to be 95% at 3 years and this has 
led to its ever-increasing use (Linl G et al., 2009).  
Despite this benefit, there are many potential complications associated with ICDs (Pfeiffer D 
et al., 1994; Linl G et al., 2009). Nevertheless, the rate of complications related to the ICDs 
has fallen markedly with the evolution from a large device that required an abdominal 
pocket and insertion of an epicardial lead system via thoracotomy to the current use of 
much smaller transvenous pectoral devices (Krohn J et al., 2001; DiMarco JP et al., 2003). The 
incidence of ICD complications is difficult to determine due to inconsistent definitions and 
the lack of mandatory reporting. Nevertheless, women are more likely than men to have in-
hospital adverse events related to ICD implantation (Peterson PN et al., 2009). 

2. Definitions, aims and search strategy 
The European Community and the International Standards Organization have provided 
standard criteria for adverse events observed during trials with implantable medical 
devices, defining an adverse event as any undesirable clinical occurrence and taking into 
account the severity and relationship to the implanted device. This does not include any 
information regarding the underlying technical or clinical cause (Rosenqvist M et al., 1998). 
Thus, complications are defined as any undesirable clinical occurrence related to the ICD 
implantation and function including intraoperative mortality and 30 day post-operative 
mortality.   
This chapter aims to perform a systematic review of the published literature to provide the 
reader with the best available evidence and most current medical knowledge regarding 
pulmonary, cardiovascular and mechanical complications that occur due to the implantation 
of ICDs. Moreover, this chapter will attempt to ameliorate the weaknesses inherent in the 
current medical literature and scientific published medical literature regarding the issue. 
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Therefore, English language and adult population published literature from 1980 to 
December 2010 was searched using PubMed, Current Contents, Cochrane Library, Embase, 
Cinahl, Google Scholar and supplemented by a manual review of bibliographies of all 
relevant papers. Proceedings from relevant conferences, reference lists, relevant clinical 
trials and research registers were also searched. English language published literature from 
1980 to 2010 was sought utilizing the following search strategy: implantable cardioverter 
defibrillators [MeSH] and/or pulmonary and/or cardiac and/or mechanical/ device-related 
complications. Studies were required to present sole evidence justifying the presence of 
complications secondary to the ICD. Data from each study was extracted by one author and 
reviewed by the two others. 

3. Pulmonary complications 
The majority of pulmonary complications were associated with the placement technique of 
the ICDs (Kuck KH et al., 2000). Implantation of an ICD involves placement of both the ICD 
lead system and the pulse generator. Current ICD lead systems are typically placed 
transvenously via the axillary, subclavian, or cephalic vein. This approach has largely 
replaced the surgical epicardial lead placement of the ICD which was associated with 
considerable postoperative morbidity (Chevalier P et al., 1996; Kuck KH et al., 2000) and 
with pulmonary complications that are unique to thoracotomy such as atelectasis with 
pneumonia, symptomatic pleural effusions, ARDS (adult respiratory distress syndrome).  
In 1985, Lurie AL et al reported complications in a series of 22 patients that underwent ICD 
placement by thoracotomy. Among them, 77% presented with atelectasis, infiltrates or 
pleural effusion in the chest radiograph and 13% with pneumothoraces resulting from 
transvenous lead placement. The authors (Lurie AL et al., 1985) reported these as transient 
postimplantation complications. Pneumothorax, infections, and bleeding tend to occur soon 
after implant (Krohn J et al., 2001; Krohn J et al., 2003). As subclavian vein puncture may be 
associated with pneumothorax in approximately 1% of patients, the cephalic vein should be 
preferred for nonthoracotomy lead placement (Krohn J et al., 2003).  
Pneumothorax occurs uncommonly and is directly related to operator experience, the 
difficulty of the subclavian puncture, and is almost eliminated using the cephalic cut-down 
technique. However, these traditional comparisons may become obsolete as the axillary vein 
cannulation technique (Martin C et al. 1996) threatens to eliminate this controversy. Often 
the pneumothorax is asymptomatic and noted in routine follow up plain chest radiograph.  
Recurrent hemoptysis has been reported as a delayed complication on the grounds of ICD 
placement (Kao N et al., 1991; Verheyden CN et al., 1994; Dasgupta A et al., 1998; Driscoll JA 
et al., 2005). Clinicians caring for patients with an ICD should be aware of this complication 
and consider patch erosion into the bronchus as a cause, albeit rare, in the differential 
diagnosis of recurrent hemoptysis. Rarely, the patch erosion can be visualised 
bronchoscopically as the underlying cause of hemoptysis (Dasgupta A et al., 1998). 
Common radiographical findings can be a pleural infusion and vague infiltrates (Dasgupta 
A et al., 1998). Patch removal may reveal destruction of a significant part of the underlying 
bronchus, thereby prohibiting bronchial reconstruction. In patients who have undergone 
placement of an automatic ICD using pericardial or epicardial defibrillator patches and 
present with hemoptysis, bronchopericardial fistula should be also suspected (Nolan RL et 
al., 1999). Air between a defibrillator patch and the heart on chest radiographs or CT is 
diagnostic. 
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Infections of the ICD electrodes causing recurrent pneumonias are common and could lead 
to ARDS if remain uncontrolled. In reported cases, the ICD electrodes grew Methicillin 
sensitive Staphylococcus epidermidis/aureus, Methycillin Resistant Staphylococcus aureus, 
Haemophillus Paranfluenzae, Aspergillus fumigatus, Pseudomonas aeruginosa, while clots on the 
ICD patch grew Haemophillus Influenzae (Dasgupta A et al., 1998; Cook RJ et al., 2004; Pai RK 
et al., 2004; Ioannides MA et al., 2006; Rusanov A, Spotnitz HM. 2010); these pathogens are 
quite commonly isolated in infections caused by ICD placement. Infection of the patch can 
ultimately lead to its dislodgement and migration to the lung. Regarding the culture 
findings, it is difficult to be sure whether there was primary device infection with the 
pathogens presumably introduced during the ICD placement, a primary pneumonia with 
subsequent seeding of the ICD patch, or an underlying hematoma formation at the time of 
patch placement which then secondarily became infected, leading to subsequent erosion and 
pulmonary complications. Concomitantly, infections have increased the frequency of lead 
extraction. The frequency of lead infections has also risen faster than expected based solely 
on the number of implanted leads (Voigt A et al., 2006) 
Patients developing severe pneumonias could also present with septic pulmonary embolism 
secondary to the infection(Cook RJ et al., 2004). This typically produces abnormalities on 
chest radiography, but its appearance is not uniform (Ryu JH et al., 2003; Huang RM et al., 
1989; Rossi SE et al.,2000); multiple bilateral cavitary nodules at the lung periphery are most 
typical (Wong KS et al., 2002). Characteristic CT findings are discrete nodules in various 
stages of cavitation with visible feeding vessels (Rossi SE et al., 2000). However, multifocal 
cavitary lesions in the lung can also be associated with neoplasms, pulmonary infarctions, 
abscesses, vasculitides, congenital abnormalities, rheumatoid nodules, and pneumoconioses 
(Ryu JH et al., 2003). Consequently, correlation with the clinical context is important to 
narrow the broad differential diagnosis.  
However, in this context, in 1997 Lick SD et al considered a cavitary lesion in a patient 
bearing an ICD and presenting with cough, malaise and weight loss commonly suspicious 
for a cavitary malignant neoplasm. Fiberoptic bronchoscopy was performed and no 
evidence of a malignant tumour was seen. Surprisingly, a defect was found in the lingular 
bronchus through which the bronchoscope could pass, opening into a large air-filled cavity, 
in part bordered by the patch itself. Cultures from the cavity debris grew Aspergillus and 
Staphylococcus aureus. 
Hemothorax has also been reported as a late pulmonary complication of an ICD placement 
usually after the onset of pleuritic pain (Kremmers MS et al., 1995; Quigley RL et al., 1996). 
This complication results from trauma to the great vessels rather than the lung. The risk can 
be minimised by direct inward and outward passes of the puncture needle rather than a 
side-to-side potentially lacerating movement (Pavia S, Wilkoff B. 2001). 
Air embolism has been reported during deep inspiration at the time of central venous access 
causing significant air to be drawn into the venous system due to the physiological negative 
pressure developed (Pavia S, Wilkoff B. 2001). It can be prevented through operator care 
and using introducers with hemostatic valves. The diagnosis is obvious because it is 
heralded by a hissing sound as the air is sucked in and with the fluoroscopic confirmation 
that follows. Patients are surprisingly tolerant of this occurrence. However, respiratory 
distress, hypotension, and arterial oxygen desaturation may occur depending on the size of 
the embolus and 100% oxygen should be administered alone with ionotropic support in 
some cases (Ellenbogen KA, Wood MA. 2005). Aspiration of the embolus from the right 
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heart has also been successful. However, usually no therapy is required, as the air is filtered 
and consequently absorbed by the lungs. 

4. Cardiac complications 
Endocarditis secondary to leads’ infection is one of the most common cardiac complications 
of ICDs. The majority of infections are caused by coagulase negative Staphylococcus and 
Staphylococcus aureus and rarely Staphylococcus lugdunensis (Anguera et al 2005; Liu PY et al., 
2010; Chopra A et al., 2010). Although the risk of infection of intracardiac devices is well 
known, the clinical presentation of this complication can be insidious, delayed in onset and 
difficult to diagnose. The onset of symptoms can be in the first 6 months (Cacoub P et al., 
1998) or in the first few years. Right sided endocarditis on the grounds of Aspergillus 
fumigatus infection has been reported (Cook RJ et al., 2004) as a delayed complication. The 
infection presented as persistent pulmonary infiltrates and anemia more than 2 years after 
the implantation of the device. Endocarditis caused by Staphylococcus capitis has also been 
reported and presented with a subacute course (Cone LA et al., 2005). Infrequently, gram 
negative bacilli can also cause lead infection and endocarditis. Klebsiella pneumoniae is a 
pathogenic gram negative bacillus which has been reported to cause ICD associated 
endocarditis (Pai RK et al., 2006). 
Acute pericardial effusion and tamponade can occur secondary to lead perforation of the 
heart. This is an infrequent complication of device implantation which may also present as a 
subacute process days later, or even as a delayed process (Mahapatra S et al., 2005; Khan 
MN et al., 2005; Henrikson CA et al., 2006). 
Some series have suggested an increase in ventricular arrhythmias after the implantation of 
epicardial patch electrodes (Bocker D et al., 1993). However, one study which randomized 
900 patients undergoing coronary artery bypass grafting to an ICD or no ICD found no 
difference in the incidence of postoperative ventricular or supraventricular arrhythmias 
between the two groups (Curtis AB et al., 1998). 
Many patients who receive an ICD have left ventricular dysfunction. An unresolved 
question is whether worsening myocardial function would affect the defibrillation 
threshold. In an animal model, the development of congestive heart failure did not alter 
defibrillation energy requirements (Friedman PA et al., 1998 ). 
Multiple low energy defibrillation shocks via an endocardial right ventricular electrode 
cause significant myocardial damage in dogs, manifested as mitochondrial injury and 
dysfunction (Schirmer U et al., 1997). Although these changes are more apparent in the right 
ventricle, they are also seen in the left ventricle. 
Myocardial necrosis is another cardiac ICD complication. Rapid consecutive shocks from the 
ICD results in elevation in serum troponin I, reflecting subtle injury to the heart. In one series 
of 12 patients who received a mean of 6 shocks with a mean cumulative energy of 112 J during 
ICD implantation, 5 had elevated troponin I levels which peaked within the first 12 hours after 
the shocks and were normal or near normal by 24 hours (Joglar JA et al., 1999). Only 1 of these 
patients had an increase in CK-MB and no patient had associated ECG changes. 

5. Mechanical complications 
Mechanical complications can be divided into lead/device/pocket related and 
inappropriate defibrillator shocks. 
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Lead-related problems occur in approximately 5% of patients, including lead dislodgement, 
fracture, and insulation defects, which can lead to either over- or undersensing. Lead-related 
problems can occur at any time during long-term follow-up (Kron J et al., 2001; Yap SC et 
al., 2007) with the vast majority of lead dislodgments occurring within the first post-
operative months. With increasing age of the transvenous lead systems, a growing number 
of lead fractures and insulation defects have to be expected (Mewis C., 1997; Kron J., 2003). 
Necessity for operative revision is reported for 6% within 1 year of initial implant and up to 
15% during 4 years (Kron J et al., 2001). A relation between the incidence of lead-related 
complications and the number of leads used in ICD systems has been reported (Takahashi T 
et al.,2002). Lead dislodgments occur significantly more frequently in patients with dual 
chamber ICDs (12%) and in patients with biventricular ICDs (19%) when compared with 
single chamber ICDs (3%).  
One study evaluated 171 patients who received an epicardial lead system and were 
followed for 4 years: lead malfunction occurred in 11% of patients and in up to 28% with 
some systems (Brady PA et al., 1998). The majority of lead malfunctions occurred more than 
2 years after implantation; most patients were asymptomatic (58%). Another report 
evaluated 132 patients who received a transvenous lead system and pectoral implantation 
and were followed for 30 months (Mehta D et al., 1998). A 13% incidence of erosion of the 
lead insulation was noted when systems using long transvenous leads and relatively larger 
generators were used. This problem is caused by pressure of the generator against the lead. 
Pocket-related complications including skin erosion, hematoma and seroma, wound 
infection, or device migration usually occur within the first 6 months after implantation 
(Gold MR et al., 1996).  
Device-related complications include migration, skin erosion, and necrosis (due to the size 
and weight of the generator) and premature battery depletion. Fortunately these problems 
are uncommon, occurring in less than 2% of patients. In addition, hematomas or seromas 
can form in the pulse generator pocket.  
Twiddler's syndrome can also be included in the device-related complications, in which 
twisting or rotating the device in its pocket results in lead dislodgement and device 
malfunction, can occur in patients with an ICD. It is most likely to develop when the device 
is implanted in the abdomen of an obese patient who is able to rotate it within the 
abdominal pocket (Boyle NG et al. 1998). Patients most often present with an increase in 
bradycardic pacing threshold or lead impedance; however, there is a possibility that the 
device will fail to sense and treat an arrhythmia. Careful suturing of the device to the fascia 
and matching pocket and device size is important to avoid this complication. 
Defibrillation-related problems represent a serious technical entity. A high defibrillation 
energy requirement (over 24 Joules) provides little margin for safety. However, in the 
absence of any changes in the clinical status of the patient, defibrillation energy 
requirements with a transvenous lead system are generally stable over a three month period 
(Newman D et al., 1997). 
Inappropriate shocks most often occur due to supraventricular tachycardia, self-terminating 
VT, and sensing artifacts, e.g., myopotentials or T wave oversensing. It has been reported that 
inappropriate shocks for supraventricular tachyarrhythmias are more often in younger 
patients and in patients who have nonischemic dilated cardiomyopathy compared to patients 
with coronary artery disease (Alter P et al., 2005; Lin G et al., 2009; Lee DS et al., 2010). 
Potential induction of fatal ventricular fibrillation by inappropriate shocks is known from 
anecdotal reports (Messali A et al., 2004). Use of leads with true bipolar sensing can reduce 
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5. Mechanical complications 
Mechanical complications can be divided into lead/device/pocket related and 
inappropriate defibrillator shocks. 
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Lead-related problems occur in approximately 5% of patients, including lead dislodgement, 
fracture, and insulation defects, which can lead to either over- or undersensing. Lead-related 
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some systems (Brady PA et al., 1998). The majority of lead malfunctions occurred more than 
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and were followed for 30 months (Mehta D et al., 1998). A 13% incidence of erosion of the 
lead insulation was noted when systems using long transvenous leads and relatively larger 
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infection, or device migration usually occur within the first 6 months after implantation 
(Gold MR et al., 1996).  
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and weight of the generator) and premature battery depletion. Fortunately these problems 
are uncommon, occurring in less than 2% of patients. In addition, hematomas or seromas 
can form in the pulse generator pocket.  
Twiddler's syndrome can also be included in the device-related complications, in which 
twisting or rotating the device in its pocket results in lead dislodgement and device 
malfunction, can occur in patients with an ICD. It is most likely to develop when the device 
is implanted in the abdomen of an obese patient who is able to rotate it within the 
abdominal pocket (Boyle NG et al. 1998). Patients most often present with an increase in 
bradycardic pacing threshold or lead impedance; however, there is a possibility that the 
device will fail to sense and treat an arrhythmia. Careful suturing of the device to the fascia 
and matching pocket and device size is important to avoid this complication. 
Defibrillation-related problems represent a serious technical entity. A high defibrillation 
energy requirement (over 24 Joules) provides little margin for safety. However, in the 
absence of any changes in the clinical status of the patient, defibrillation energy 
requirements with a transvenous lead system are generally stable over a three month period 
(Newman D et al., 1997). 
Inappropriate shocks most often occur due to supraventricular tachycardia, self-terminating 
VT, and sensing artifacts, e.g., myopotentials or T wave oversensing. It has been reported that 
inappropriate shocks for supraventricular tachyarrhythmias are more often in younger 
patients and in patients who have nonischemic dilated cardiomyopathy compared to patients 
with coronary artery disease (Alter P et al., 2005; Lin G et al., 2009; Lee DS et al., 2010). 
Potential induction of fatal ventricular fibrillation by inappropriate shocks is known from 
anecdotal reports (Messali A et al., 2004). Use of leads with true bipolar sensing can reduce 
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sensing artifacts. The most important precipitating factor is myocardial ischemia, but other 
causes are electrolyte disturbances, and episodes of congestive heart failure resulting in an 
increase in sympathetic tone. However, newer atrial/dual chamber devices can effectively 
detect specific atrial and ventricular arrhythmias and can accurately discriminate between 
atrial tachycardia/atrial flutter and atrial fibrillation (Swerdlow CD et al., 2000). These devices 
can be programmed for mode switching to prevent inappropriate tracking of an atrial 
arrhythmia; to withhold inappropriate ventricular therapy; and to deliver appropriate therapy 
for the atrial tachyarrhythmia, such as pace termination of atrial flutter. Treatment with a 
sufficient dose of β-blockers may help to decrease the number of inappropriate shocks due to 
atrial flutter of fibrillation by slowing the ventricular rate (Pacifico A et al., 1999). In addition, 
prognostic benefits of β-blockers are well known in patients with coronary artery disease as 
well as in patients with heart failure (Packer M et al., 2001). Therefore, all patients with 
coronary heart disease and with non-ischemic dilated cardiomyopathy should receive β-
blockers as standard therapy, unless there is a contraindication. Furthermore, it has been 
found a significantly lower incidence of inappropriate shocks due to supraventricular 
tachyarrhythmias in patients with versus without amiodarone therapy (Alter P et al., 2005). In 
addition, the rate cut-off for detecting ventricular tachyarrhythmias should not be 
programmed too low in order to decrease the overlap with supraventricular tachyarrhythmias. 
Since the latter is not possible in many patients with symptomatic slow ventricular 
tachyarrhythmias, state-of-the-art ICD discrimination algorithms should be used in order to 
distinguish supraventricular arrhythmias from VT.  
Moreover, ICD related shocks to rescuers during CPR have been reported (Clements PA., 
2003, Siniorakis E et al., 2009). In the case presented by Siniorakis E et al., CPR was 
performed in a patient bearing an ICD and presenting cardiac arrest with an initial rhythm 
of pulseless electrical activity. Ten minutes after starting CPR, the rescuer received an 
electric shock. This first shock of 21.9 J affecting the rescuer was triggered by chest 
compression-related muscular noise. This was mistaken by the ICD as ventricular 
fibrillation. In this context, there should be a warning from ICD manufacturers about the 
risks of shocks from ICDs during CPR. 
An increase in the chronic defibrillation threshold may also occur (Martin DT et al., 1995). 
This problem may result from intense fibrosis and the cumulative acute damage produced 
by defibrillation discharges at the ICD electrode-myocardial interface (Epstein AE 1998 et 
al., 1998). However, the increase in defibrillation threshold may not be clinically significant 
with modern devices. In addition, changing the polarity of the leads may result in a 
reduction in the defibrillation threshold (Schauerte P et al., 1997). 

6. Conclusions 
The potential complications of ICDs are significant in terms of diversity and patient 
impact. For this reason, the decision to implant a device should be based on sound 
guidelines with definite expected patient benefit. Although it is a relatively simple 
procedure the potential complications may, at times, be life-threatening. Early recognition 
of these complications is the prerequisite for advances in ICD technology, in management 
strategies to avoid their recurrence and in improved patient quality of life. With a clear 
understanding of the accepted implant indications and possible complications and a 
meticulous approach to the implant and post-implant follow-up, the incidence of 
complications can be minimised.  
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1. Introduction 
Implantable cardioverter-defibrillators (ICDs) reduce mortality by terminating ventricular 
arrhythmias (VAs), and it has become widely accepted that this is done by delivering 
shocks. From the initials of ICD therapy it is known that ICD shocks are associated with 
reduced quality of life. Most importantly, recent accumulated evidence indicates a clear 
association among shocks (appropriate and inappropriate) and increased risks of heart 
failure (HF) and death (Poole et al, 2008). Knowing that, one of our major objectives when 
dealing with an ICD patient has to be reducing shocks while keeping the certainty that all 
the VAs are adequately terminated. 
When trying to reduce shocks our focus should be dual, inappropriate and unnecessary 
therapies. Inappropriate shocks are generally defined as those not delivered for ventricular 
tachycardia (VT) or fibrillation (VF), and may be due to oversensing (double counting of 
right and left ventricular depolarization, T-wave oversensing, noise, etc) or to atrial 
arrhythmias with rapid ventricular conduction. Unnecessary shocks are those that could 
have been avoided using other means of terminating the VT, namely antitachycardia pacing, 
or allowing the VT to spontaneously finish, in case of non-sustained episodes, prolonging 
the number of intervals needed to detect and initiate therapy.  
Depending on the trial, only 3–35% of shocked episodes were sustained VT/VF that 
absolutely require a shock for termination. When considering the number of shocks 
delivered for SVT, T-wave oversensing (TWOS) and lead noise, primary prevention patients 
may experience more inappropriate shocks than shocks for VT/VF. This highlights the need 
for improved shock reduction strategies.  
During this chapter we will review the most recent developments and algorithms to avoid 
inappropriate and unnecessary shocks. 

2. Where do we stand now? 
2.1 The problem of inappropriate and unnecessary shocks 
ICD therapy has clearly shown its benefit in reducing sudden death and is now an accepted 
therapy, with increasing number of patients receiving a device. One of the most serious 
problems with this therapy is the rate of unnecessary and inappropriate shocks, that ranges 
between 10 and 25% on different studies (Figure 1), with the added limitation of many trials 
not reporting this data. 
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between 10 and 25% on different studies (Figure 1), with the added limitation of many trials 
not reporting this data. 
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Fig. 1. Rate of inappropriate therapy (in orange) in some of the principal ICD trials. 

Multiple studies have reported that ICD shocks are associated with several negative 
outcomes, both in the short term -such as increased troponin levels, decreased cardiac index 
or acutely reduced contractility-, as in the long term-increasing hospitalization rate or 
reducing quality of life. Inappropriate shocks might also be proarrhythmic in up to 10% of 
episodes and also reduce battery life. 
Moreover, recent evidence indicates a clear association among appropriate shocks, 
inappropriate shocks, and increased risks of heart failure and death (Figure 2, reproduced 
from Poole et al, 2008). These data also demonstrates that the higher the number of shocks, 
the higher the death hazard ratio. An important corollary is that, even if it is impossible to 
completely avoid shocks, any reduction we obtain translates into lower hospitalization and 
death risk. 
 

 
Fig. 2. Hazard Ratios for the association of ICD shock with the risk of death, according to 
shock type. Panel A shows the hazard ratios for the association of shock types (appropriate, 
inappropriate or both) with the risk of death. Panel B shows the adjusted hazard ratios for 
the risk of death according to the number of appropriate or inappropriate shocks.  

From the SCD-HeFT we know that death from all causes was increased among patients who 
received an appropriate shock by a factor of nearly 6, with 30% of these deaths occurring 
within 24 hours after the first appropriate shock. After exclusion of these patients (in whom 
an appropriate shock was simply a harbinger of imminent death), appropriate shocks were 
still associated with a risk of death that was increased by a factor of 3. Data from MADIT II 
trial (Daubert et al, 2008) also clearly showed how shocks are associated with increased risk 
of all-cause mortality (by a factor of 3 after an appropriate ICD shock).  

 
New Ways to Avoid Unnecessary and Inappropriate Shocks 

 

83 

It is unclear whether this is due to the ventricular arrhythmia itself or to the shocks, but 
evidence is increasingly showing that ICD discharges are harmful per se. Pooled data from 
PainFREE I & II, EMPIRIC and PREPARE (Sweeney et al, 2010) has clearly shown the 
impact on survival depending on the type of therapy delivered by the ICD (Figure 3), 
demonstrating that antitachycardia pacing (ATP) termination of the VA can reduce the risk. 
 

 
Fig. 3. Survival rates by rhythm and therapy type. Survival among patients treated only 
with ATP was identical to that in patients with no VT, whereas survival among patients 
who received shocks was significantly worse (reproduced from Sweeney et al, 2010). 

An important issue to be considered is the high rate of inappropriate therapies in published 
studies, ranging from 10 to 25%. Benign events such as atrial fibrillation, supraventricular 
tachycardia (SVT), extra-cardiac noise, intracardiac oversensing, and nonsustained VT/VF 
are inappropriately treated with shocks by the ICD. Inappropriate therapy delivery remains 
the most frequent complication in patients with ICDs resulting in psychological distress, 
proarrhythmia, and battery life reduction. We could think that delivery of inappropriate 
shocks is something overcome in nowadays trials, but recent data from the MADIT II trial 
(Daubert et al, 2008) shows that one or more inappropriate shocks occurred in 83 (11.5%) of 
the 719 MADIT II ICD patients. Inappropriate shock episodes constituted 184 of the 590 total 
shock episodes (31.2%).  
Atrial fibrillation was the most common trigger for inappropriate shock (44%), followed by 
supraventricular tachycardia (36%), and by abnormal sensing (20%). Due to the fact that the 
majority of inappropriate shocks are delivered because of a supraventricular rhythm 
incorrectly classified by the device (see Figure 4), nowadays most devices on the market 
contain some form of SVT discriminator.  
Other causes of inappropriate therapy include oversensing of diaphragmatic potentials or 
myopotentials, T-wave oversensing, double or triple counting of intracardiac signals, lead 
fractures or header connection problems, lead chatter or noise, and electromagnetic interference.  
Strategies to reduce inappropriate therapy using device programming rely on the ability to 
distinguish supraventricular and atrial arrhythmias from ventricular tachycardia. Avoiding 
therapy for nonsustained ventricular arrhythmias and increasing the role of antitachycardia 
pacing to terminate ventricular tachycardia are key approaches to reducing shocks for 
ventricular arrhythmias. 
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Fig. 4. Main causes of inappropriate shocks in ICD patients. 

2.2 Algorithms to avoid inappropriate shocks 
Although dual-chamber discrimination algorithms are frequently based on measurements of 
AV association, algorithms used in single-chamber ICDs focus on frequency-related 
tachycardia characteristics  (beat-to-beat interval variability -rate stability- and abruptness of 
tachycardia initiation –onset-) and electrogram (EGM) morphology. 

2.2.1 Sudden onset 
Initially developed to avoid misclassification of sinus tachycardia as VT, the algorithm is 
based on the degree of prematurity of the first tachycardia cycle compared to the previous 
ones. If a tachycardia episode is declared, the device measures the RR intervals prior to the 
episode looking for the shortest RR interval. Then it compares this shortest RR interval with 
the RR interval initiating the episode. If the difference is above the programmed, the sudden 
onset criterion is satisfied. If the difference is below the programmed one, a non-sudden 
onset will be declared and therapy will be inhibited until the end of the sustained rate 
duration period if activated. 

2.2.2 Stability 
Measures the variability between RR intervals during tachycardia and was developed to avoid 
inappropriate shocks due to fast atrial fibrillation, a typically unstable rhythm. The device 
measures the stability during the programmed duration of the episode. If duration is satisfied, 
the mean difference in stability between consecutive RR intervals is compared to the 
programmed one. If stability is below the programmed one, the device declares the episode 
stable. If stability is above the programmed one, the device declares the episode unstable and 
therapy will be inhibited. Then it will continue to measure stability as long as the rate criterion 
is satisfied. If tachycardia becomes stable or the sustained rate duration period is satisfied, 
therapy will be initiated if the rate persists above the programmed cut-off rate. 
Sudden onset carries a greater risk of error, since it analyses the rhythm only once upon 
initiation. In contrast, stability constantly reanalyzes the rhythm. These two algorithms have 
been traditionally underused due to concern of misclassification of a true VT as a non-
shockable rhythm by the device, thereby continuously withholding a necessary therapy. 
However, several publications have demonstrated that programming sudden onset and 
stability detection criteria with a sustained rate duration safety net for triggering tachycardia 
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therapy results in appropriate device management in most patients with supraventricular 
and slow ventricular tachycardias (Brugada et al, 1998). 
Recent data from the MADIT II trial (Daubert et al, 2008) showed that the stability detection 
algorithm was programmed less frequently in patients receiving inappropriate shocks (17% 
vs. 36%, p: 0.030), so we still have room to improve ICD programming by using 
consolidated algorithms. 

2.2.3 Morphology algorithms 
Morphology algorithms are the only single-chamber discriminators capable of 
distinguishing VT from abrupt-onset SVTs with regular V-V intervals, such as atrial flutter 
or atrial tachycardia. When integrated into dual-chamber algorithms, morphology 
algorithms may enhance discrimination of tachycardias with 1:1 AV relationships and 
detection of VT during atrial fibrillation (Swerdlow et al, 2002). 
All morphology algorithms share general steps. (1) Create a template electrogram of 
baseline rhythm. (2) Construct a quantitative representation of this template. (3) Record 
electrograms from an unknown tachycardia. (4) Time align template and tachycardia 
electrograms. (5) Construct a quantitative representation of each tachycardia electrogram. 
(6) Compare the representation of each tachycardia electrogram with that of the template to 
determine the degree of morphologic similarity of the corresponding electrograms. (7) 
Classify each tachycardia electrogram as a morphology match or nonmatch with the 
template. (8) Classify the tachycardia as VT or SVT based on the fraction of tachycardia 
electrograms that match the template. The major differences among morphology algorithms 
are the electrogram source(s), methods of filtering and alignment, and waveform features 
used to compare tachycardia and template electrograms. 
 

 
Fig. 5. Morphology analysis of tachycardia EGMs using the wavelet transform (Medtronic) 
The wavelet transform of the baseline rhythm template EGM is constructed and stored. 
When tachycardia is detected, each of the last eight tachycardia EGMs preceding detection is 
aligned with the template EGM. The wavelet transform of each EGM is performed and a 
match-percent score that describes the degree of morphological similarity to the template is 
calculated in real time. If the matching score is higher than the programmable threshold, VT 
is rejected. If the matching score is lower than the threshold, VT is confirmed and 
corresponding therapy initiated. 
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Fig. 5. Morphology analysis of tachycardia EGMs using the wavelet transform (Medtronic) 
The wavelet transform of the baseline rhythm template EGM is constructed and stored. 
When tachycardia is detected, each of the last eight tachycardia EGMs preceding detection is 
aligned with the template EGM. The wavelet transform of each EGM is performed and a 
match-percent score that describes the degree of morphological similarity to the template is 
calculated in real time. If the matching score is higher than the programmable threshold, VT 
is rejected. If the matching score is lower than the threshold, VT is confirmed and 
corresponding therapy initiated. 
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The Rhythm ID feature in Boston Scientific ICDs uses the vector timing and correlation 
algorithm -which incorporates both timing as well as morphological information- for 
supraventricular tachycardia discrimination. Clinical trials demonstrated high sensitivity 
and specificity of this feature in discriminating between ventricular tachycardia and 
supraventricular tachycardia. On detection of the unknown rhythm (when the ventricular 
tachycardia rate detection criteria is met), the vector timing and correlation algorithm 
compares the unknown rhythm beat-by-beat to a stored template of normal sinus rhythm. 
First, the algorithm aligns the signals coming from the near field and the far field EGMs. 
After that, the feature correlation coefficient computed over more than 8 points in the time-
aligned signals is used for the comparison (see Figure 6).  
 

 
Fig. 6. Schematic representation of Rhythm ID algorithm functioning. 

There are several limitations of morphology algorithms, such as: 
• Truncation of EGMS that exceed the programmed range of the algorithm. Truncation 

both removed some electrogram features for analysis, and altered the timing of the 
highest peak used for alignment. It is, therefore, recommended to verify that recorded 
EGMs exceed 3 mV and are not clipped. 

• Miopotential interference. 
• Alignment errors: algorithm aligns electrograms in time based on their highest peaks. If 

an electrogram has two peaks of nearly equal amplitude, minor variation in their 
relative heights may result in an alignment error. 

• Morphology algorithms may be applied in patients with baseline intraventricular 
conduction delays. However, rate-related aberrancy during rapidly conducted atrial 
fibrillation is likely to be misclassified. 

As we stated in a recent publication (Toquero et al, 2009), probably morphology algorithms 
as an SVT discrimination criteria should be considered as an effective tool when used alone 
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but, in order to maximize the benefits, a lower limit of 500 ms and the concomitant use of 
other discrimination criteria or combination with a high rate time-out feature should be 
considered. When programming several discriminators together, the more we use the better 
the specificity for SVT but carries a greater risk of underdetecting VT, so once again we have 
to individualize and tailor the programming to each patient.  

2.2.4 Dual chamber detection 
Dual chamber devices allow for ventricular and atrial rate analysis during tachyarrythmias, 
as well as establishing a relationship between them. As a concept, if the rhythm is faster in 
the ventricular chamber the device will deliver therapy. At the very beginning, it was 
expected a dramatic reduction of inappropriate shocks due to atrial tachyarrhythmias 
compared to single chamber devices, but finally it did not turn out to be that way due to 
atrial undersensing problems or difficulties programming the algorithm. 
Evidence recently published (Ricci et al, 2009) shows that dual-chamber ICDs compared to 
single-chamber ICDs reduced the incidence of an endpoint composed by permanent AF, AF-
related hospitalizations, and ICD shocks deemed inappropriate due to AF misclassification. 
So dual chamber detection helps to improve SVT discrimination but probably this is not 
enough to justify the implantation of a DDD device on this sole aim.  
There are other algorithms intended to adequately discriminate SVT from true VT. Detailed 
description of PARAD+ from Sorin or SMART from Biotronik (using dual chamber 
discrimination) is beyond the aim of this chapter. Briefly, the PARAD+ combines several 
features of the tachyarrhythmia that are analyzed and inputted into a branching algorithm. 
It is the only algorithm that uses the chamber of acceleration to differentiate atrial from 
ventricular arrhythmias. It incorporates a feature termed VT long cycle, which monitors for 
longer intervals when the rhythm is classified as stable. Unlike VT, occasional longer RR 
intervals are common in rapid AF. SMART algorithm, like St Jude Devices, relies on a rate 
branch algorithm for discrimination. If the RR interval is shorter than the PP interval (V>A), 
the rhythm is considered VT.  
For further description of different algorithms of several manufacturers, we strongly 
recommend the recent review by Mansour and Khairy, PACE 2011. 

3. Ways to avoid shocks and new strategies 
Even though it is plausible that shocks somehow have an adverse effect on myocardial 
function, this is unlikely to be a major factor. It is much more likely that the occurrence of a 
ventricular arrhythmia that causes a shock is signalling a meaningful change in the patient’s 
clinical status. The important message is that the first occurrence of shocks is not a random 
event in an otherwise stable clinical course but a sign of clinical deterioration in the 
underlying disease process. Possible causes of shocks are to be considered, including a 
worsening of heart failure and myocardial ischemia. 
There are several complementary ways to avoid both inappropriate and unnecessary 
shocks: 

3.1 Optimize medical therapy, look for isquemia and other triggers, and early ablate 
clinical VTs 
Antiarrhythmic medication is administered in patients with an ICD for a number of reasons. 
Most importantly, drug therapy can reduce or eliminate ICD shocks by suppressing 
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ventricular arrhythmias, or by slowing VT to such a degree that it can be terminated with 
programmed ATP. In addition to the suppression of such “appropriate” shocks, 
antiarrhythmic therapy may suppress the “inappropriate” shocks precipitated by 
supraventricular arrhythmias (primarily atrial fibrillation). In routine practice, adjunctive 
antiarrhythmic therapy is administered to between 49% and 69% of patients who have an 
ICD. 
The Optimal Pharmacological Therapy in Cardioverter Defibrillator Patients (OPTIC) trial 
was a randomized clinical trial evaluating the efficacy of amiodarone plus β-blocker and 
sotalol versus β-blocker alone for reduction of ICD shocks (Connelly et al, 2006). In 412 
patients studied, mainly secondary prevention, with a median follow up of 359 days, the 
authors demonstrated that shocks occurred in 41 patients (38.5%) assigned to β-blocker 
alone, 26 (24.3%) assigned to sotalol, and 12 (10.3%) assigned to amiodarone plus β-blocker 
(Figure 7). 
 

 
Fig. 7. Cumulative rate of shocks for the three treatment groups (β-blocker, Sotalol and 
Amiodarone+β-blocker) by time since randomization (Reproduced from Connolly et al, 
OPTIC trial). 

The OPTIC study applies primarily to ICDs placed as secondary prevention, in which 
sustained ventricular arrhythmias have been clinically observed. There are less data to 
support the use of antiarrhythmic agents in patients with prophylactic or primary prevention 
ICD therapy and this group appears to have less frequent need for such therapy; thus, 
empirical antiarrhythmic therapy cannot be recommended for this setting. For patients who 
receive an ICD for secondary prevention, one could argue for empirical initiation of 
amiodarone or sotalol. However, such pharmacological intervention has important trade-offs. 
Adverse lung and thyroid effects were common among patients receiving amiodarone over 
just 1 year, and it can be expected that toxicity would be even more common over longer 
follow-up. In the OPTIC study, these and other adverse effects resulted in the discontinuation 
of 18% of those patients receiving amiodarone and 24% of those patients receiving sotalol. As 
noted by the authors, most patients taking β-blocker alone will not receive an ICD shock and 
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could avoid the inconvenience, cost, and risk of antiarrhythmic therapy. At present, all 
patients with an ICD who tolerate such therapy should receive a β-blocker.  
Amiodarone is known to be effective in the prevention of ventricular arrhythmias; however, 
SCD-HeFT itself finally put to rest the notion that amiodarone could improve survival 
among patients with heart failure. Addition of amiodarone or substitution with sotalol 
cannot be advocated for all patients and should be considered on an individual basis.  
Triggers of VT include electrolyte abnormalities (e.g., hypokalemia, hypocalcaemia, and 
hypomagnesaemia), ischemia, inflammation, and sleep apnea.  It can also be triggered by 
drugs (sympathomimetic agents, digitalis toxicity, drugs prolonging the QT complex, etc.). 
Hypokalemia is the most important arrhythmia trigger clinically, followed by 
hypomagnesaemia. Hyperkalemia may also predispose to VT and VF, particularly in 
patients with structural heart disease. Electrolyte disturbances and ischemia are frequent VT 
triggers in ICD patients with reduced ejection fraction and heart failure. The greater 
prognostic significance of appropriate ICD shocks in patients with ischemic heart failure 
makes revascularization another possible intervention; however, there are currently no 
prospective data to suggest that this will improve prognosis. So, when facing a patient 
receiving a shock, we should be aware of all the possible triggers of VTs, actively look for 
them and make every effort needed to control these triggers.  
The Ventricular Tachycardia Ablation in Coronary Heart Disease (VTACH) study (Kuck et 
al, 2010) assessed the potential benefit of catheter ablation before implantation of a 
cardioverter defibrillator in 110 patients that were randomized to receive catheter ablation 
and an ICD or ICD alone. They showed that time to recurrence of VT or VF was longer in 
the ablation group (median 18 months) than in the control group (5 months). At 2 years, 
estimates for survival free from VT or VF were 47% in the ablation group and 29% in the 
control group. The authors conclude that prophylactic VT ablation before defibrillator 
implantation seemed to prolong time to recurrence of VT in patients with stable VT, 
previous myocardial infarction, and reduced LVEF and should therefore be considered 
before implantation of an ICD in such patients. 
 

 
 

 
 

 

Fig. 8. Data from the VTACH trial. On the left, Kaplan Kaplan-Meier curves for survival free 
from VT or VF. On the right, estimates of survival free from hospital admission for cardiac 
reasons (Reproduced from V-TACH trial). 
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According to the latest guidelines of the American Heart Association, the American College 
of Cardiology, and the European Society of Cardiology, catheter ablation is indicated as 
adjunctive therapy in selected patients who have an ICD and who receive multiple shocks 
as a result of sustained ventricular tachycardia that is not manageable by reprogramming of 
the ICD or drug therapy. 
Some evidence already exists on prophylactic ablation in ICD patients to prevent VTs and 
shocks. The SMASH-VT trial (Reddy et al, 2007) included 128 ischemic patients that were 
ICD implanted for spontaneous ventricular tachycardia or fibrillation. They were randomly 
assigned to defibrillator implantation alone or defibrillator implantation with adjunctive 
catheter ablation. Ablation was performed with the use of a substrate based approach in 
which the myocardial scar is mapped and ablated while the heart remains predominantly in 
sinus rhythm. During a mean follow-up of 22.5±5.5 months, twenty one patients assigned to 
defibrillator implantation alone (33%) and eight patients assigned to defibrillator 
implantation plus ablation (12%) received appropriate ICD therapy. So the authors conclude 
that prophylactic substrate-based catheter ablation reduced the incidence of ICD therapy in 
patients with a history of myocardial infarction who received ICDs for the secondary 
prevention of sudden death. 

3.2 Optimize device programming 
3.2.1 Tailored programming for each patient 
The first way to avoid inappropriate shocks is to program the device considering patient 
characteristics such as age, underlying myocardiopathy, primary or secondary indication 
and concomitant arrhythmias or, at least, risk of future development. For instance, previous 
investigations have demonstrated substantial differences in frequency, rate, and 
mechanisms of tachycardia observed in patients with ICDs implanted for primary versus 
secondary prevention indications. The primary prevention patient population has been 
reported to have a lower incidence of ventricular arrhythmias compared with secondary 
prevention patients. Consequently, a higher proportion of ICD therapies in primary 
prevention patients could be due to inappropriate detections and therapies primarily due to 
arrhythmias such as sinus tachycardia and atrial fibrillation. 
3.2.1.1 Cut-off rates 
ICD recipients with primary compared to secondary prevention indications experience 
faster ventricular tachyarrhythmias, with average rates of 200 versus 153 beats per minute 
(bpm), respectively. In contrast, clinical supraventricular tachycardia (SVT) usually ranges 
between 160 and 180 bpm. Also patients under antiarrhythmic drug therapy experience 
slower tachycardias. For patients with secondary prevention indications, a safety margin of 
30–60 ms between the slowest spontaneous or induced VT and the cut-off rate has been 
recommended (Mansour and Khairy, 2011). 
If the VT rate is unknown or if a primary prevention patient is receiving antiarrhythmic 
therapy, an empirically programmed rate of 150–160 bpm appears reasonable. A higher rate of 
170-175 bpm could be used in youngest patients, typically suffering from channelopathies. 
Modern devices allow us to program different detection zones (Ventricular Fibrillation-VF, 
Fast Ventricular Tachycardia-FVT and Ventricular Tachycardia-VT). Depending on ICD 
indication we can select one, two or the three of them, with different detection criteria and 
therapies on each one. In certain patients could be interesting to program a detection zone with 
no therapy, using the device to monitor the occurrence of slow tachycardias.  
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Limiting the use of SVT discriminators for tachycardias of 188 bpm or slower results in 
inappropriate ICD therapy since 22–44% of SVTs conduct faster than 188 bpm. Since the 
majority of SVTs leading to ICD shock have rates less than 230 bpm some authors (Volosin 
et al, 2011) have proposed the use of SVT discriminators for rates up to 230 bpm. Our usual 
policy is to program it up to 220 bpm.  
3.2.1.2 Timers to override discriminators 
Sustained rate duration (SRD; Boston Scientific, Natick, MA, USA), High rate time out (HRT; 
Medtronic, Minneapolis, MN, USA), SVT time out (St. Jude Medical, St. Paul, MN, USA), 
and sustained VT (Biotronik GmbH, Berlin, Germany) are timers used to override 
discriminators. Once the programmed timer elapses, therapy is delivered even if it had been 
appropriately withheld.  
The literature suggests that this safety feature is of little value, especially for dual chamber 
devices. A reasonable option could be to activate the overriding timer while extending its 
nominal duration (in our opinion to, at least, 3 min). 
3.2.1.3 Detection time/intervals 
Classifying an arrhythmia as sustained is a somewhat arbitrary balance between 
overtreating otherwise self-terminating arrhythmias and delaying therapy for potentially 
unstable arrhythmias. The trend has been toward programming longer detection times, due 
to the fact that nominal detection settings are likely excessively conservative, erring on the 
side of overtreating nonsustained VT. 
Recent publications (Wilkoff et al, 2008) have shown that adequately programming 
detection criteria, increasing the number of RR intervals needed to detect the arrhythmia 
and thus allowing for non-sustained VTs to spontaneously terminate (30 of 40 beats on this 
study), reduce number of shocks without increasing risk of syncope or serious adverse 
events. 
 

 
Fig. 9. Kaplan-Meier curves show the percentage of patients in each study cohort receiving a 
first shock during the first 12 months of follow-up due to: (left) true VT/VF; (middle) true 
SVT/other; on the right, Kaplan-Meier curves show the mortality rate (reproduced from 
Wilkoff et al, PREPARE study). 

3.2.2 Improve correct detection 
3.2.2.1 SVT discriminators 
The main arguments against systematically enabling discriminators are their reliability and 
associated risks of underdetecting VT. With single chamber discriminators, underdetection 
occurs in 0–0.4% of VT episodes with stability, 0–2% with morphology, and 0.5–5% with 
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Fig. 9. Kaplan-Meier curves show the percentage of patients in each study cohort receiving a 
first shock during the first 12 months of follow-up due to: (left) true VT/VF; (middle) true 
SVT/other; on the right, Kaplan-Meier curves show the mortality rate (reproduced from 
Wilkoff et al, PREPARE study). 

3.2.2 Improve correct detection 
3.2.2.1 SVT discriminators 
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onset criteria. For dual-chamber devices, VT underdetection has been reported in 0.6–1% of 
events. 
Discriminators appear most useful in patients with secondary prevention ICDs or under 
antiarrhythmic drug therapy, since lower programmed cut-off rates expose them to a higher 
risk of inappropriate therapy for SVT. We currently program discriminators up to a rate of 
220 bpm with a high-rate timer along with discriminators. In Medtronic’s most recent ICD 
model (ProtectaTM), the SVT limit is nominally programmed to 230 bpm within the VT 
zone. For Boston and Sorin devices, discriminators apply to the entire VT zone. 
In the event of inappropriate VT detection, reported values of onset, stability, AV 
association, and/or morphology should be examined, when available, to guide further 
programming to optimize cut-off values. 
3.2.2.2 Algorithms to avoid shocks due to noise or T wave oversensing 
New algorithms capable of increasing specificity without affecting sensitivity for VT 
detection have been developed by different ICD manufactures. Oversensing of T-waves and 
noise due to lead problems (loose set-screw or lead fractures) are among the leading causes 
of noise-driven VF detection. 
One of these new algorithms recently introduced is intended to reduce inappropriate shocks 
caused by fractures of implantable cardioverter-defibrillator leads (Swerdlow et al, 2008). 
This lead-integrity algorithm (LIA), which can be downloaded into presently implanted 
Medtronic implantable cardioverter-defibrillators, alerts the patient and/or physician when 
triggered by either abnormally high impedance or sufficient evidence of nonphysiological, 
rapid oversensing. Once the LIA is triggered, it sets the programmed number of intervals to 
detect (NID) at 30 of 40 intervals to reduce inappropriate shocks, an audible alert sounds 
immediately and every 4 hours thereafter, and transmits a wireless, internet-based alert if 
enabled. The authors demonstrated on 15970 patients with Fidelis leads and 95 other 
fractured leads that increasing the NID reduced inappropriate shocks and the LIA provided 
at least a 3-day warning of inappropriate shocks in 76% of patients. 
A new T-wave discrimination algorithm by Medtronic analyzes the sensing electrogram for 
alternating patterns of amplitude and frequency content by comparing the standard sensing 
signal to a first-order difference signal that attenuates low-frequency content dominating T-
waves. Other functions like SenseAbility available in St Jude Medical ICDs allows avoidance 
of TWOS by means of four key parameters: Threshold start, decay delay, maximum 
sensitivity and refractory periods (see Figure 10 for explanation). The algorithm adjusts the 
sensitivity setting based on intrinsic signals and changes sensitivity on every beat so it 
adjusts as the patient’s intrinsic activity changes. 
The new lead noise oversensing algorithm available in Medtronic devices analyzes the far-
field EGM (e.g., right ventricular (RV) coil-can) in an amplitude measurement window 
centered around each event sensed on the near-field EGM (e.g., RV tip-RV ring). The 
concept behind RV Lead Noise Discrimination algorithm is that lead noise oversensing is 
typically isolated to the near-field EGM (RVtip-RVring sense channel). Therefore, a far-field 
electrogram signal (Can to RV coil or RV coil to superior vena cava –SVC-) is used to 
confirm that VT/VF senses on the near-field electrogram are not present on the far-field 
signal in the case of lead noise (see Figure 11). Oversensing due to a lead or connection 
problem is identified when the peak to peak amplitudes seen on the far field signal have a 
large disparity, indicating that these amplitude measurement windows are sensing both R-
wave as well as absence of R-waves (isoelectric potentials). 
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Fig. 10. SenseAbility algorithm: Threshold Start is a programmable percentage of the 
previous peak amplitude. Decay Delay “delays” the time before the linear decay occurs (60 
ms on this example). Max Sensitivity defines the most sensitive level the ICD can reach.  

 

 
Fig. 11. Example of lead noise oversensing algorithm: Top line, near field EGM between tip 
to ring. Middle line, far field EGM between can to RV coil. Bottom line: marker channel. As 
the detection of noise continues, the algorithm withholds detection. Timeout is available to 
ensure that detection is not withheld for long periods of time. 

3.2.3 Shock reduction strategies 
Several recent publication have consistently demonstrated the usefulness of antitachycardia 
pacing and shock withholding for supraventricular rhythms, oversensing, and nonsustained 
ventricular tachycardia. During the following pages we will further discuss the evidence 
supporting this approach, as well as new developments incorporated in the newest devices 
to ensure correct VT diagnosis and delivery of shock only when needed. 
3.2.3.1 Antitachycardia pacing 
This function allows terminating VTs by pacing faster than the ventricular rate, thus 
blocking the re-entrant circuit sustaining the tachycardia. ATP is painless and much less 
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associated with atrial tachycardia induction. Nevertheless, it may accelerate the VT or even 
transform it into VF. 
There are several different types of ATP, basically referred to as burst and ramps. Burst 
means that all the stimulation pulses given during the ATP maintain the same interval 
whereas ramp means that the pacing interval decreases from one beat to the following one 
(Figure 12). 
 

 
 

 
Fig. 12. Top. Burst pacing: after VT is detected, burst pacing is initiated. 2 sequences of 6 
beats each are programmed, with a 91% coupling interval and 10 ms decrement between 
both. Bottom. Ramp pacing: only 2 sequences programmed, first one 4 beats, second one of 
5. During ramp pacing, the 10 ms decrement programmed decreases each pacing interval in 
the same sequence. 
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ATP effectiveness is related to tachycardia cycle length, being higher in slower VTs and 
decreasing for VTs faster than 200 bpm (Ormaetxe-Merodio et al, 2008).  Several 
publications have compared effectiveness and safety of both types of ATP, without finding 
statistically significant differences for slow VTs. Nevertheless, the PITAGORA ICD trial 
(Gulizia et al, 2009) randomized patients to one burst (eight stimuli, 88% of the cycle length) 
versus one ramp (eight stimuli, 91% cycle length) in the FVT zone (188–250 bpm). Bursts had 
a significantly higher success rate than ramps (72% vs 52%) for fast VTs, with a trend toward 
less acceleration (2.3% vs 7.4%).  
There are some ICD models that memorize therapy effectiveness but it is known that failure 
of an ATP sequence does not predict subsequent failure. For Medtronic devices, in case it 
does not appear in four consecutive episodes, the device annulates it and, for the next 
episode, jumps directly to the next therapy programmed (Smart mode). Biotronik has a 
programmable option: ATP optimization. A successful ATP setting is memorized by the 
ICD and delivered as the first therapy for future events. 
Concerning the number of pulses to use and stimulation rate, published data is scarce. 
Peinado et al, 1998, compared the efficacy and safety of different ATPs, namely 15 vs 7 
pulses at rates of 91 vs 81% of tachycardia cycle length. They showed that for an isolated 
sequence of stimulation, burst pacing using 15 pulses was more effective than 7 pulses (78% 
vs 68%, p: 0,01) and stimulation rates of 91% of the tachycardia cycle length were better than 
81% (80% vs 56%, p<0,001). So the authors conclude than ATP using 15 pulses at 91% of 
tachycardia cycle length was the most effective combination (87%, p<0,001 in comparison 
with the other ATP combinations). 
Due to the scarce data we have concerning number of pulses to program, is our usual policy 
to program 10-12 pulses at 88-91% of tachycardia cycle length. 
We can say that ATP in ICD recipients allows to successfully terminate 85-90% of VTs with 
cycle length higher than 320 ms, with a low acceleration rate (1-5%). Besides, these figures 
are applicable to different cardiomyopathies (ischemic and non-ischemic), confirming 
reentry as the most probable mechanism of these arrhythmias. 10 to 25% of ICD recipients 
present VTs with a CL lower than 320 ms. Even though effectiveness is lower than for 
slower VTs, there are published data supporting their use. In this way, Wathen et al 2001 
(Pain-FREE trial), analyzed ATP results when using 2 burst of 8 pulses at 88% of tachycardia 
CL for VTs between 240 and 320 ms. Out of 442 studied episodes in 52 ischemic patients, 
85% successfully terminated with the therapy, 90% with the first delivered burst. On top of 
that, a third therapy programmed in some patients by caring physician criteria successfully 
terminated 18 more VTs, rising global efficacy to 89%. With this stimulation protocol, VT 
acceleration rate was only 4%.  
Several years later, Wathen et al published the Pain-FREE II trial (Wathen et al, 2004), 
comparing only one burst of 8 pulses at 88% with high energy shocks for VTs between 188 
and 250 bpm. 1837 episodes were able for analysis, 73% of witch corresponded to 
monomorphic fast VTs. ATP efficacy for VTs faster than 188 bpm was 81%, with an 
acceleration rate of only 2%. On the population randomized to receive shocks, 34% of 
episodes ended spontaneously and 66% required the programmed therapy. So, shock 
reduction by using ATP for fast VTs was 70% in this study. Mean duration of episodes was 
shorter in the ATP group (10,7±0,7  vs 12,7±0,8 ms; p<0,001). There were no differences 
between groups in sincopal episodes. Another important finding in this study was the fact 
that the number of intervals to detect the tachycardia was prolonged to 18, compared to 12 
for the Pain-FREE I. That reduced significantly the number of episodes that required 
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therapy, and settled the fundamentals for more recent studies investigating the results of 
prolonging the time to detect the tachyarrhythmia and start treatment. 
Several smaller but more recent studies have also demonstrated that ATP is safe and 
effective for fast VTs termination. Following this evidence, most of the newest devices from 
different manufacturers offer the possibility of antitachycardia pacing delivery during ICD 
charging. The obvious advantage of ATP during charging is that, in case the VT terminates, 
the shock is avoided and, in case it does not, successful therapy is not delayed. One step 
forward is to deliver ATP even before initiating ICD charging. In case of success, not only 
shocks are avoided, but also battery depletion due to repeated charging thus prolonging 
ICD total life. 
A less studied issue is the number of ATP attempts (burst or ramps) that are to be 
programmed. Published evidence shows that the majority of VTs ended with the first 
ATP, but is far from negligible the episodes terminated by the second or even the third 
attempt, not only for slow VTs but also for the fast ones. The main advantage of several 
ATPs programmed is avoiding shock delivery to terminate the episode. On the contrary, 
the risk is to prolong VT total duration, that could be dangerous depending on 
arrhythmia tolerance. So we have to tailor the therapy by programming different 
VT/FVT/VF zones and therapies on each, guided by cycle length and arrhythmia 
tolerability in each patient.  
The PainFREE RX II (Pacing Fast VT REduces Shock ThErapies) and EMPIRIC 
(Comparison of Empiric to Physician-Tailored Programming of Implantable Cardioverter 
Defibrillators) trials demonstrated that specific VT and VF detection and therapy 
programming strategies reduced the frequency of shocked episodes. The use of detection 
algorithms designed to distinguish supraventricular and ventricular tachyarrhythmias 
and the use of ATP to terminate rapid VTs have been reported to be important 
components of programming strategies designed to optimize ICD programming and to 
reduce unnecessary shocks. Sweeny et al recently published that, combining the data of 
the studies PainFREE I & II, EMPIRIC and PREPARE, most ventricular episodes were 
potentially ATP-terminable VTs or FVTs, since ATP was able to terminate 92,4% of VT 
and 82,5% of FVT episodes attempted. 
On the basis of this data, we think that programming the VT zone should include at least 
four ATPs, and for fast VTs, the weight of evidence suggests that at least one ATP sequence 
should be programmed for VTs between 188 and 250 bpm and that two sequences are 
superior to one. 
3.2.3.2 Shock withholding for supraventricular rhythms, oversensing, and nonsustained 
ventricular tachycardia 
The PREPARE (Programming of Detection and Therapy Parameters in ICDs Reduces 
Shock) trial was a prospective, cohort-controlled study that analyzed 700 patients with 
primary prevention indications for an ICD followed for 1 year. VT/VF was detected for 
rates ≥182 beats/min that were maintained for at least 30 of 40 beats. ATP was 
programmed as the first therapy for regular rhythms with rates of 182 to 250 bpm, and 
SVT discriminators were used for rhythms ≤200 bpm. The primary end point was a 
combined morbidity index, including incidence of device-delivered shocks, arrhythmic 
syncope, and untreated sustained symptomatic VT/VF. The authors demonstrated that 
programming strategies that prolong detection duration (30 of 40 ventricular beats), 
increase the heart rate threshold of tachycardia detection (182 beats/min), use 
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supraventricular detection discrimination algorithms and ATP, and encourage first shock 
termination of tachyarrhythmias can safely and substantially reduce the number of 
tachyarrhythmias subjected to shock therapy. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 13. Data from the PREPARE study. Both appropriate and inappropriate shocks were 
substantially reduced in the PREPARE study programmed patients. (Reproduced from 
Wilkoff et al, 2008). 

The PREPARE study data clearly demonstrate that by waiting and permitting nonsustained 
and slower arrhythmias to self-terminate, there are fewer shocked and treated ventricular 
and SVTs. 
New ways of further advancing our knowledge about how to avoid inappropriate and 
unnecessary shocks have been recently published (Volosin et al, 2011). The authors 
developed and validated a computer model using clinical data from other published ICD 
studies and nicely demonstrated how, by using the shock reduction strategies tested (see 
table 1), hypothetically were able to reduce the number of VT/VF shocked episodes in the 
SCD-HeFT ICD population by an estimated 59% (from 952 observed to 395 modelled 
shocks, probability of >0.999). The percentage of patients experiencing inappropriate shocks 
over 5 years was decreased by 15% (23.5–8.4%), and the number of shocks for non-VT/VF 
episodes was decreased from 423 to 77 (82% reduction). 
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Reducing Inappropriate Shocks 
1. Using SVT discriminators to cycle lengths of 260 ms or greater. 
2. Longer detection time to allow more episodes to terminate spontaneously. 
3. Enhanced T wave oversensing algorithm avoids shocks due to oversensed T 
waves. 
4. Lead noise algorithm avoids shocks due to noise oversensing. 
5. Combination of atrial and ventricular timing/pattern analysis (PR Logic) 
with electrogram morphology analysis (Wavelet). 
6. Tachycardia detection rate cutoff. 

Reducing Unnecessary Shocks 
1. ATP therapies to a cycle length of 240 ms. 
2. Longer detection time to allow more episodes to terminate spontaneously. 
3. New synchronization intervals to reduce shocks for nonsustained events. 
4. Tachycardia detection rate cutoff. 

Table 1. Strategies for reducing ICD Shocks tested by Volosin et al, 2011. 

4. Conclusions 
The number of unnecessary or inappropriate shocks is still not zero, which is the goal. ICD 
discharges have a negative impact on patient prognosis and quality of life, so every effort 
should be made by programming physicians and ICD manufacturers to reach this goal. 
It has been suggested that the “out of box” settings for current ICD systems should be 
changed in light of the programming strategies shown in clinical trials to reduce shocks, and 
some manufacturers are already working on it. This may be worthwhile but, since there are 
so many patient specific issues to be considered, the important point is that the devices 
should be optimally programmed at implant, not how the devices are shipped.  
The initial one-zone one-lead “shock box” approach has progressively become obsolete, as 
attention has increasingly turned toward avoidance of preventable shocks and 
inappropriate therapies for lead failure, SVT, and self-terminating tachyarrhythmias. ATP 
therapy should be systematically programmed, algorithms to discriminate from 
supraventricular rhythms are to be used and spontaneous episodes of VT have to be 
aggressively treated, with special consideration to ablation.  Recently published evidence 
suggests that shock reduction strategies could and should be combined to reduce the 
incidence of unnecessary and inappropriate ICD shocks. New discrimination algorithms 
could significantly increase specificity without affecting sensitivity.  
As in many other fields in Medicine and to the greatest extent possible, ICD programming 
should be guided by evidence based medicine and every effort should be made to translate 
this evidence to bedside by ICD programming physicians. 
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1. Introduction 
Implantable cardioverter defibrillators (ICDs) use has increased exponentially during the past 
decade. However, these devices are associated with complications related to the implantation 
procedure itself and morbidity caused by the adverse functioning of the components 
comprising the system. In 2003, 10.8% of patients undergoing cardioverter-defibrillator 
implantation experienced one or more early complications (Reynolds et al., 2006). Acute 
implantation complication rates range from 3% to 7%. For this reason a controlling in respect 
to the technology, indications for use, personnel involved in monitoring and the frequency and 
types of monitoring events is needed (Wilkoff et al., 2008).  
The European Community (EN540, European Standard, 1993) and the International 
Standards Organization (ISO 14155, International Standard, 1996) have provided standards 
for adverse events observed during trials with implantable medical devices, defining an 
adverse event as any undesirable clinical occurrence in a subject whether it is considered to 
be device related or not. These standard criteria underwent sweeping changes in the past 
time. The first and most evident change is the standard’s new title: “ISO 1415: Clinical 
investigations of medical devices in human subjects – good clinical practices”, harmonized 
with the ICH E6 GCP guidelines (Stark et al., 2011). Few studies have systematically 
examined the predictors of complications in this population using multivariable analysis. 
These data suggest that complications are driven by the 3 major components that contribute 
to risk: device, physician, and patient factors. This may be most relevant for patients with 
complex device systems, particularly heart failure patients (Curtis et al., 2009; Al-Khatib et 
al., 2008). Even though prospective studies defining the risk associated with ICD 
implantation and optimal peri-, intra- and postoperative management to ICDs are needed. 
Therefore the aim of this review was to report the incidence of adverse events during the 
initial months after pectoral implantation or replacement of an ICD system with a 
transvenous lead system. The usual complication including implant procedure-related 
complications, ICD generator-related complications, as well as lead-related complications 
will be discussed. This review, however, limits discussion to surgical complications. In 
addition, it will be reviewed the relevant clinical trials as well as prescription guidelines, 
because the increasing clinical relevance of this topic is the reason for the future formulation 
of recommendations by an interdisciplinary working group. 
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2. Implant procedure-related complications 
The early mortality effects of implant procedure-related complications may be the direct 
“mechanical” effect of the procedure, such as infection, pneumothorax, or perforation, that 
are not well tolerated. These risks probably are largely related to procedural complexity, 
reflected in system configuration risk in procedural volume, and operator expertise. The 
second contributor is the patient; the physiological duress of even minor surgery may 
exacerbate comorbidities, particularly heart failure, which contributes significantly to 
reduced survival.  

2.1 Venous access related complications 
Transvenous non-thoracotomy lead systems are available and are usually implanted safely 
and with a high success rate by an electrophysiologist and a surgeon. The axillary and 
subclavian vein puncture are the standard approach in ICD implantation. However, 
obtaining venous access for defibrillator implantation can be complicated by vascular injury, 
subclavian arteriovenous fistula and/or pneumothorax or hemothorax. No-puncture 
strategy using the cephalic cut-down technique obviates the complication in the majority of 
cases and improves the safety of device implantation. Thus, the subclavian route of insertion 
resulted in more complications than the cephalic vein route (Kron, 2003). In addition, 
conventional transvenous approaches for ICD lead placement are not possible in some 
patients with limited vascular access and/or tricuspid valve dysfunction. On the other site 
transvenous ICD lead failure rates are significant and their occurrence increases with time 
from implant. Therefore it was recently designed an entirely subcutaneous ICD system to 
eliminate the need for venous access and their complication (Bardy et al., 2010). 

2.1.1 Subclavian arteriovenous fistula 
Subclavian arteriovenous fistula is a rare and uncommon complication of ICD implantation 
and it could be successful closured using an Amplatzer vascular occlusion plug (Hess et al., 
2010). 

2.1.2 Pneumothorax 
Pneumothorax is usually a complication of subclavian venous access and may be detected 
during the procedure or delayed until 48 h after implantation (Aggarwal at al., 1995). This 
complication is a problem in unexperienced operators and is directly related to the difficulty 
of the subclavian puncture. Often is the pneumothorax asymptomatic, but uncommonly 
occurs a tension pneumothorax with hemodynamic and clinical improvement, which needs 
immediately placement of chest tube. The diagnosis of pneumothorax was confirmed by 
chest x-ray. Pneumothorax due to perforation of the atrial lead through the wall of the atrial 
appendage has already been reported (Rosman et al., 2006). Perforation of the right ventricle 
with or without pericardial effusion is also well recognized (Gondi et al., 1981). However, 
isolated pneumopericardium reported as an exclusive complication of a cardiac 
resynchronisation therapy (CRT) implantation is very uncommon. We have previously 
reported pneumothorax recognised days after CRT implantation and concomitant 
pneumopericardium secondary as a late complication of a persisting connection between the 
pericardium and the pleura parietalis as consequence of the former aortal-coronary surgery, 
three years after coronary artery bypass graft surgery (CABG) (Fig.1, Parahuleva et al., 
2009).  
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Fig. 1. Computed tomography (CT) scan of the thorax showing (A) left-sided pneumothorax 
with 30% reduction in lung volume and (B) moderate- sized pneumopericardium and 
pleuromediastinum (from Parahuleva et al., 2009). 

2.1.3 Hemothorax 
Hemothorax results most commonly from an arterial puncture and cannulate the artery 
with the intraducer, a situation that should indicate vascular surgical removal. This 
complication could also occur after right ventricular (RV) lead perforation beyond the 
cardiac border into the pleural space (Merla et al., 2007). The diagnosis of hemothorax and 
suspecting of RV perforation in patients with ICD implantation presenting with recurrent 
chest pain and/or pleural effusion is important, because it is potentially life threatening 
complication. Massive hemothorax may develop after placement of an ICD in patients who 
received postoperative anticoagulants (see also 2.2.1 ICD Hematoma). The perioperative 
management of anticoagulation in patients who are having implantation of a pacemaker or 
ICD is a common clinical problem in which best clinical practise is not established, but a 
strategy involving postoperative bridging with intravenous heparin confers a high risk for 
bleeding whereas perioperative continuation of a oral anticoagulation appears to reduce the 
risk for bleeding (see also 2.2.1 ICD Hematoma). 

2.1.4 Venous thrombosis and superior vena cava syndrome (SVCS) 
Significant vein occlusion was found in 25% of patients after placement of ICD (Lickfett et 
al., 2004) and in 27% of patients after pacemaker implantation (Antonelli et al., 1989). 
Subclavian venous obstruction or thrombosis following transvenous device implantation 
rarely cause clinical problems and become a significant challenge, when lead revision or 
device upgrade is indicated (Wilkoff et al., 2004, van Rooden et al., 2004). The reasons for 
these venous complications such as stenosis, occlusions, and superior vena cava syndrome 
have been discussed. The study has suggested that intravenous lead infection promotes 
local vein stenosis (Korkeila et al., 2009). Another found that the presence of a temporary 
wire before implantation is associated with an increased risk of stenosis (Haghjoo et al., 
2007). Despite many years of experience with transcutaneous implanted intravenous pacing 
systems, it was unable to identify clear risk factors which lead to venous stenosis (Bar-
Cohen et al., 2006). Neither the hardware (lead size, number and material) nor the access site 
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choice (cephalic cut down, subclavian or axillary puncture) appears to affect rate of venous 
complications. A few factors were proposed as predictors of severe venous 
stenosis/occlusion: presence of multiple pacemaker leads (compared to a single lead), use of 
hormone therapy, personal history of venous thrombosis, new onset of atrial fibrillation,  the 
presence of temporary wire before implantation, previous presence of a pacemaker (ICD as 
an upgrade) and the use of dual-coil leads (Bulur et al., 2010). A variety of different 
strategies to overcome the venous obstruction have been reported: controlateral LV lead 
placement (Fox, 2006), innominate vein as an alternative venous access (Aleksic et al., 2007), 
internal jugular vein approach (Bosa-Ojeda et al., 2007), opening an occluded subclavian 
vein and venoplasty (Worley et al., 2007), surgical approaches with the use of minimally 
invasive procedures (Jaroszewski et al., 2009), supraclavicular vein approach (Antonelli et 
al., 2010), use of a tunneling technique (Kim et al., 2010) or iliofemoral approach by patients 
with occluded superior venous access (Allred et al., 2008).  
Anticoagulant therapy (for other reasons than pacemaker lead) seemed to have protective 
antithrombotic effect (Pavia et al., 2001), but the effect of prophylactic anticoagulant 
treatment after pacemaker implantation have not found positive results (Goto et al., 1998). 
Furthermore, it was found that oral anticoagulant treatment did not differ from antiplatelet 
treatment in respect to protection from venous obstruction occurrence (Haghjoo et al., 2007). 
The patients who are candidates for multiple pacemaker leads implantation have more risk 
factors for venous obstruction than other device patients. These patients should be 
evaluated with venography before lead revision and/or device upgrade procedures. In 
addition, large studies are needed to investigate whether anticoagulant or antiplatelet 
treatment could prevent venous obstruction. 

2.2 ICD pocket related complications 
2.2.1 ICD hematoma 
Pocket hematoma is an acute, relatively common complication. The use of electrocautery 
and portable drainage device for 24 hours after implantation are useful to minimize pocket 
hematoma. The hematomas are managed usually conservatively. Expanding in size of 
hematoma, tense or painful in the ICD pocket are requiring re-operation to evacuate the 
hematoma (Belott et al., 2000). The risk of pocket hematoma is increased in anticoagulated 
patients. Dual antiplatelet therapy and periprocedural heparin appears to be associated with 
significantly increase risk of bleeding complications at the time of pacemaker or ICD 
implantation (Al-Khadra et al., 2003; Giudici et al., 2004). The study of Tompkins 
(Tompkins, 2010) evaluated patients (n=1388) undergoing permanent pacemaker and ICD 
implantation over a 3-year period to determine if patients with antiplatelet or 
anticoagulation therapy required normalization of coagulation factors in the periprocedural 
period. A significant bleeding complication was defined as need for pocket exploration or 
blood transfusion, hematoma requiring pressure dressing or change in anticoagulation 
therapy, or prolonged hospitalization.  It has been shown that continuation of warfarin was 
associated with a trend toward increased bleeding complications when compared with 
controls, even when held to allow the international normalized ratio (INR) to decrease 
below 1.5 (Fig.2). There was no statistical difference in bleeding risk between patients 
continued on warfarin with an INR≥1.5 and patients who had warfarin withheld until the 
INR was normal. The use of periprocedural heparin (enoxaparin or unfractionated heparin) 
and dual antiplatelet therapy increase the risk of bleeding complication (Fig.2). 
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Appropriate periprocedural management requires a thorough understanding of indications 
for antiplatelet or anticoagulation medications and assessing the risks of thromboembolic 
versus bleeding complications (Douketis et al., 2008). Brake off of antiplatelet or 
anticoagulation medications before device implantation could be possible in patients at low 
risk for thromboembolic events. Patients at high risk for thromboembolic events should 
continue warfarin throughout the periprocedural phase and should need bridging 
anticoagulation with therapeutic dose heparin.  
Operating with oral anticoagulation is the best alternative, because device implantation or 
replacement without withdrawing of oral anticoagulants and with an INR of about 2.0 is 
safe and was not associated with an increase of the hemorrhagic risk. 
 

 
Fig. 2. Effect of antiplatelet and anticoagulation agents on bleeding complication in patients 
after device implantation (modified from Tompkins et al., 2010). 

2.2.2 ICD infections 
Device system infection is a serious complication and tended to occur within 1 year after 
implantation, or as late onset lead endocarditis (Mangram et al., 1999). The physical 
manifestations range from mild symptoms with local reaction to fulminant sepsis. Failure to 
use perioperative antibiotics is a predictor of system infection and ICD system infection 
ranges from 0.13 to 12.6% (Mela et al. 2001). Repeated operative procedures after the first 
device implantation were associated with increased risk of device infection (Margey et al., 
2010). Female sex, older age, and preoperative antibiotics given at the first device 
implantation were associated with a lower risk of later device infection (Johansen et al., 
2011). End-stage renal disease markedly increases bleeding and device-related infections 
(Tompkins, 2011). 
When infection is present, complete device removal with transvenous lead extraction must 
be followed by antimicrobial therapy. Removal of the entire pacing system is crucial for the 
treatment of lead endocarditis (see also 3.2. Lead extraction-related complication). The 
development of laser-assisted extraction techniques for chronically implanted pacemaker 
and defibrillator leads has reduced the need for open surgical removal (Gaca et al., 2009). 
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choice (cephalic cut down, subclavian or axillary puncture) appears to affect rate of venous 
complications. A few factors were proposed as predictors of severe venous 
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(Tompkins, 2010) evaluated patients (n=1388) undergoing permanent pacemaker and ICD 
implantation over a 3-year period to determine if patients with antiplatelet or 
anticoagulation therapy required normalization of coagulation factors in the periprocedural 
period. A significant bleeding complication was defined as need for pocket exploration or 
blood transfusion, hematoma requiring pressure dressing or change in anticoagulation 
therapy, or prolonged hospitalization.  It has been shown that continuation of warfarin was 
associated with a trend toward increased bleeding complications when compared with 
controls, even when held to allow the international normalized ratio (INR) to decrease 
below 1.5 (Fig.2). There was no statistical difference in bleeding risk between patients 
continued on warfarin with an INR≥1.5 and patients who had warfarin withheld until the 
INR was normal. The use of periprocedural heparin (enoxaparin or unfractionated heparin) 
and dual antiplatelet therapy increase the risk of bleeding complication (Fig.2). 
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implantation were associated with a lower risk of later device infection (Johansen et al., 
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2.2.3 ICD wound dehiscence and erosion 
Wound healing is a major determent in the post-surgical course of patients after device 
implantation. Insufficient closure may lead to serious complications with pocket infections 
leading to the device's explantation. Therefore is the skin suture approach most important 
for the wound healing. The absorbable intracutaneous suture is frequently used to close 
surgical incisions and a form of skin adhesive surgical tape is commonly also placed over 
the wound. It was shown that early adverse events as insufficient closure, major and minor 
bleeding, pocket haematoma, erythema, incrustation, dehiscence, keloid, and explantation 
due to infection occurred significantly more often in the patients with skin adhesive in 
comparison to absorbable intracutaneous suture (Spencker et al., 2011). 
Skin erosion is possible when the subcutaneous pocket at the time of initial implantation is 
too small or too superficial and the device makes undue tension on the overlying skin. The 
skin erosion is also associated with potential pocket infection and sub-pectoral placement 
after complete explantation of the device-lead system is usually advised (Gold et al., 1996).  

2.2.4 Chronic pain 
Chronic pain will usually manifest an obvious infection. An allergy to nickel/cobalt and 
chronic painful eczema could mimic a pocket infection (Citerne et al., 2011). Alternatively, 
mechanical trauma from the device location adjacent to chest wall may also be the reason for 
chronic pain. In this situation device relocation revision may be advised. 

2.2.5 Twiddler’s syndrome 
Twiddler’s syndrome is a rare complication well described in patients with subcutaneous 
permanent pacemakers, but is unusual in patients with CRT-D, which typically presents 
with device malfunction and inappropriate shocks. The condition occurs when the patient, 
either consciously or unconsciously, rotates the implanted pacemaker in its pocket, resulting 
in torsion, dislodgement, and often fracture of the pacing lead (Veltri et al., 1984). The 
placement of the pulse generator in a sub-pectoral position may help prevent Twiddler’s 
syndrome. 

2.3 Perioperative ICD implantation related-complications 
2.3.1 Perioperative death 
A serious complication such as perioperative death is rare in patients with transvenous 
device implantation. Elevated BNP level was significantly associated with increased risk of 
cardiac arrest periprocedural in patients received ICD implants (Wei et al., 2011) and studies 
are needed to investigate whether reducing preprocedural BNP could manage the 
procedural risk of cardiac arrest or in-hospital mortality. Although the benefit of ICD 
therapy in patients with hypertrophic cardiomyopathy (HCM) at risk for sudden cardiac 
arrest is well established, there may be a higher risk for device complications and 
inappropriate shocks (Lin et al., 2009). 

2.3.2 Strokes 
The most patients with perioperative strokes after device implantation had chronic atrial 
fibrillation without prior oral anticoagulation. Therefore, it would be routinely performed 
transesophageal echocardiography prior to device implantation in patients lacking 
maintained anticoagulation despite increased risk for cardiac thromboembolism, e.g., atrial 
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fibrillation, severely reduced left ventricular function, ventricular aneurysms, and 
intracardiac thrombi. In the presence of intracardiac thrombi is not recommended to 
perform intraoperative defibrillation threshold testing (Healey et al., 2010). 

2.4 Defibrillation testing-related complications 
Defibrillation threshold (DFT) testing has traditionally been an integral part of ICD 
implantation. However, recent publications question the necessity of DFT testing during 
implantation, because of compelling evidence that it predicts or improves outcomes 
(Strickberger et al., 2004; Russo et al., 2005; Gula et al., 2008). DFT testing may now be the 
highest acute risk component of ICD implantation, quoting the effectiveness of the current 
generation of devices and the rate of complications associated with testing. The recently 
published experience revealed some serious testing-related complications: sudden cardiac 
death (SCD), spontaneous episodes of ventricular arrhythmia (sustained ventricular 
tachycardia, VT, and strokes (Birnie et al., 2008). Physicians favored performance of 
defibrillation testing in patients who are at lower risk of defibrillation testing-related 
complications and in those receiving amiodarone (Ruso et al., 2005). Lower left ventricular 
ejection fraction (LVEF) had a borderline predictive value for high DFT. The association 
between left ventricular function and failure of defibrillation was examined in the Post 
Implant Testing Study (PITS). As systolic function declined, there was a trend to a higher 
failure rate, which was not statistically significant (Brodsky et al., 1999). Other studies 
suggest that left ventricular mass or volumes are more predictive than ejection fraction to 
predict DFTs (Hodgson et al., 2002). The rate of complications associated with intraoperativ 
DFT testing appears small, even allowing for the underestimation of its true rate with the 
current study methodology (Birnie et al., 2008; Healey et al., 2010). These slight but 
measurable risks must be considered when assessing the risk-benefit ratio of the procedure. 
The serum markers NSE, PS1B rise significantly by the ICD-test as an expression of neuronal 
damage in patients with poor LVEF also significantly more (Prull et al., 2011). In the 
primary prophylaxis ICD indication ICD-test must be therefore a critical indication. 
Additional data from ongoing prospective ICD registries and/or clinical trials are required 
to clarify whether routine DFT testing may be safely abandoned leading to a revision of 
current guidelines. 

3. Lead-related complications 
3.1 Lead Implantation-related complications 
3.1.1 Lead dislocation/malposition 
Device leads are placed routinely with few notable complications. The lead dislocation 
occurs very early postoperative (usually 24–48 hours) but may occur up to 3 months after 
implantation. Adverse changes in sensing and pacing thresholds compared to implant 
values should prompt consideration of this complication and lead repositioning or 
replacement is required. Further management to avoid recurrence of this complication is 
essential and the follow-up of devices early postoperative will help to minimize her 
incidence. 
The lead malposition is diagnosed by unacceptable pacing, sensing, and/or defibrillation 
thresholds. The placement of leads into the left ventricle is a rare complication of 
transvenous device implantation and may be occur by intracardiac abnormality such as a 
ventricular septal defect. This malpositioning places the patients at risk for thromboembolic 
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2.2.3 ICD wound dehiscence and erosion 
Wound healing is a major determent in the post-surgical course of patients after device 
implantation. Insufficient closure may lead to serious complications with pocket infections 
leading to the device's explantation. Therefore is the skin suture approach most important 
for the wound healing. The absorbable intracutaneous suture is frequently used to close 
surgical incisions and a form of skin adhesive surgical tape is commonly also placed over 
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bleeding, pocket haematoma, erythema, incrustation, dehiscence, keloid, and explantation 
due to infection occurred significantly more often in the patients with skin adhesive in 
comparison to absorbable intracutaneous suture (Spencker et al., 2011). 
Skin erosion is possible when the subcutaneous pocket at the time of initial implantation is 
too small or too superficial and the device makes undue tension on the overlying skin. The 
skin erosion is also associated with potential pocket infection and sub-pectoral placement 
after complete explantation of the device-lead system is usually advised (Gold et al., 1996).  

2.2.4 Chronic pain 
Chronic pain will usually manifest an obvious infection. An allergy to nickel/cobalt and 
chronic painful eczema could mimic a pocket infection (Citerne et al., 2011). Alternatively, 
mechanical trauma from the device location adjacent to chest wall may also be the reason for 
chronic pain. In this situation device relocation revision may be advised. 

2.2.5 Twiddler’s syndrome 
Twiddler’s syndrome is a rare complication well described in patients with subcutaneous 
permanent pacemakers, but is unusual in patients with CRT-D, which typically presents 
with device malfunction and inappropriate shocks. The condition occurs when the patient, 
either consciously or unconsciously, rotates the implanted pacemaker in its pocket, resulting 
in torsion, dislodgement, and often fracture of the pacing lead (Veltri et al., 1984). The 
placement of the pulse generator in a sub-pectoral position may help prevent Twiddler’s 
syndrome. 

2.3 Perioperative ICD implantation related-complications 
2.3.1 Perioperative death 
A serious complication such as perioperative death is rare in patients with transvenous 
device implantation. Elevated BNP level was significantly associated with increased risk of 
cardiac arrest periprocedural in patients received ICD implants (Wei et al., 2011) and studies 
are needed to investigate whether reducing preprocedural BNP could manage the 
procedural risk of cardiac arrest or in-hospital mortality. Although the benefit of ICD 
therapy in patients with hypertrophic cardiomyopathy (HCM) at risk for sudden cardiac 
arrest is well established, there may be a higher risk for device complications and 
inappropriate shocks (Lin et al., 2009). 

2.3.2 Strokes 
The most patients with perioperative strokes after device implantation had chronic atrial 
fibrillation without prior oral anticoagulation. Therefore, it would be routinely performed 
transesophageal echocardiography prior to device implantation in patients lacking 
maintained anticoagulation despite increased risk for cardiac thromboembolism, e.g., atrial 
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fibrillation, severely reduced left ventricular function, ventricular aneurysms, and 
intracardiac thrombi. In the presence of intracardiac thrombi is not recommended to 
perform intraoperative defibrillation threshold testing (Healey et al., 2010). 

2.4 Defibrillation testing-related complications 
Defibrillation threshold (DFT) testing has traditionally been an integral part of ICD 
implantation. However, recent publications question the necessity of DFT testing during 
implantation, because of compelling evidence that it predicts or improves outcomes 
(Strickberger et al., 2004; Russo et al., 2005; Gula et al., 2008). DFT testing may now be the 
highest acute risk component of ICD implantation, quoting the effectiveness of the current 
generation of devices and the rate of complications associated with testing. The recently 
published experience revealed some serious testing-related complications: sudden cardiac 
death (SCD), spontaneous episodes of ventricular arrhythmia (sustained ventricular 
tachycardia, VT, and strokes (Birnie et al., 2008). Physicians favored performance of 
defibrillation testing in patients who are at lower risk of defibrillation testing-related 
complications and in those receiving amiodarone (Ruso et al., 2005). Lower left ventricular 
ejection fraction (LVEF) had a borderline predictive value for high DFT. The association 
between left ventricular function and failure of defibrillation was examined in the Post 
Implant Testing Study (PITS). As systolic function declined, there was a trend to a higher 
failure rate, which was not statistically significant (Brodsky et al., 1999). Other studies 
suggest that left ventricular mass or volumes are more predictive than ejection fraction to 
predict DFTs (Hodgson et al., 2002). The rate of complications associated with intraoperativ 
DFT testing appears small, even allowing for the underestimation of its true rate with the 
current study methodology (Birnie et al., 2008; Healey et al., 2010). These slight but 
measurable risks must be considered when assessing the risk-benefit ratio of the procedure. 
The serum markers NSE, PS1B rise significantly by the ICD-test as an expression of neuronal 
damage in patients with poor LVEF also significantly more (Prull et al., 2011). In the 
primary prophylaxis ICD indication ICD-test must be therefore a critical indication. 
Additional data from ongoing prospective ICD registries and/or clinical trials are required 
to clarify whether routine DFT testing may be safely abandoned leading to a revision of 
current guidelines. 

3. Lead-related complications 
3.1 Lead Implantation-related complications 
3.1.1 Lead dislocation/malposition 
Device leads are placed routinely with few notable complications. The lead dislocation 
occurs very early postoperative (usually 24–48 hours) but may occur up to 3 months after 
implantation. Adverse changes in sensing and pacing thresholds compared to implant 
values should prompt consideration of this complication and lead repositioning or 
replacement is required. Further management to avoid recurrence of this complication is 
essential and the follow-up of devices early postoperative will help to minimize her 
incidence. 
The lead malposition is diagnosed by unacceptable pacing, sensing, and/or defibrillation 
thresholds. The placement of leads into the left ventricle is a rare complication of 
transvenous device implantation and may be occur by intracardiac abnormality such as a 
ventricular septal defect. This malpositioning places the patients at risk for thromboembolic 
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events, including cerebrovascular insults (37% based on the reported cases of left ventricular 
leads, Van Gelder et al., 2000) and anticoagulation with warfarin is recommended. The 
median sternotomy or thoracotomy are the usual operative technique for the extraction of 
left ventricular lead. It was also reported a successful percutaneous removal of a left 
ventricular lead in patients who had been anticoagulated and had no evidence of thrombus 
on the lead (Trohman et al., 1991) or a minimally invasive technique for left ventricular lead 
extraction (Stouffer et al., 2010).  
Diaphragmatic stimulation is another possible manifestation of lead malposition. It is 
usually due to direct phrenic nerve stimulation from the right or left ventricular lead.  
Location of the left ventricular pacing lead is one of the determinants for success of cardiac 
resynchronization therapy (CRT). The implantation procedure includes several challenging 
technical issues and strongly depends on the highly variable anatomy of the coronary sinus. 
The optimal position of the LV pacing lead is the site of latest activation in the left ventricle, 
which enables effective resynchronization. Furthermore, phrenic nerve stimulation (PNS) 
occurs in 37% of CRT patients at implant or follow-up. To address this common problem, 
the manufacturers of CRT devices offer a range of configurations aimed at preventing PNS. 
A quadripolar LV lead has recently been designed which provides more programming 
configurations and may help to overcome high thresholds and PNS (Forleo GB et al., 2010; 
Shetty AK et al., 2011). There are several publications concerning quadripolar electrode 
implantation which show elimination of PNS, but the optimal LV pacing configuration 
should be determined on the basis of individual patient testing. We report a case in which 
the use of the quadripolar left ventricular lead pacing depended on the highly variable 
anatomy of the coronary sinus and resulted in the occurrence of stable PNS at 3- and 6-
months follow-up. In this case report, even 10/10 configurations could not prevent 
occurrence of PNS (Parahuleva et al., 2011) 

3.1.2 Lead fractures 
Most dislodgements tended to occur in the 3 months following implantation, whereas lead 
fractures continued to occur throughout follow-up. Fractures of ICD leads may occur 5 
years after the implantation and coaxial polyurethane leads have a particularly high 
incidence of failure. However, there are no parameters that can be used to predict lead 
failure during follow-up (Kitamura et al., 2006). Although implantation techniques and 
generator technology continue to evolve, the occurrence of lead fractures and the need for 
premature system revision supports the practice of close routine ICD system surveillance. 

3.1.3 Lead perforation and cardiac tamponade 
The device lead may perforate the atria, ventricle or coronary sinus during the implant 
procedure. Atrial leads perforated more frequently than ventricular leads, and ventricular 
ICD leads perforated more frequently than ventricular pacemaker leads. This 
complication almost always occurs after active fixation of pacing and ICD leads and may 
be associated with delayed right ventricular perforation and bleeding in to the pericardial 
space. Asymptomatic perforation is a common phenomenon with subacute or delayed 
perforation and without clinical signs (inappropriate shock, syncope, abdominal pain, 
mammary hematoma, diaphragm stimulation, and chest pain) of lead perforation at the 
time of the procedure or perforation of the right ventricle diagnosed more then 5 days 
(sometimes more then 6 months) after implantation. However, dyspnea with pericardial 
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effusion may occur requiring emergency pericardial drainage by cardiac tamponade. The 
risk of cardiac tamponade is increased in anticoagulated patients. Subacute ventricular 
perforation is a rare but potentially life threatening complication of lead implantation and 
the diagnosis could be emergency confirmed by chest x-ray, echocardiography, or 
computed tomography. A lead perforation rate is low and there were no statistically 
significant differences in perforation or dislodgement rates between manufacturers or 
lead models (Turakhia et al., 2009). 

3.2 Lead extraction-related complication 
Transvenous lead extraction is an essential component of management of infections and 
other device-related complications (Smith et al., 2008). Despite the development of more 
efficient and safer tools, the procedure continues to be associated with risk of major 
complications such as venous or myocardial damage, tamponade, and even death (Field et 
al. 2007). It has also been recognized that chronic leads (more than 1 year) occasionally break 
during the process of extraction and extraction of a fractured lead from the right ventricle is 
sometimes difficulty.  
Thus, implantation of an additional device lead versus extraction of the defective lead and 
implantation of a new one is one possible therapeutic approach in cases of a defective lead. 
Implantation of an additional or replacement of the lead in case of high-voltage pace/sense 
lead failure is statistically not different concerning mortality and morbidity (Wollmann et 
al., 2007). There are no predictors for further lead defects. Implantation of an additional lead 
should not be recommended in young patients. Predictors for death were an age over 70 
years and renal insufficiency.  

4. Pacing/sensing-related complications 
Pacing/sensing-related and ICD-specific complications (oversensing, undersensing, exit 
block, pacemaker-mediated tachycardia, ineffective and inappropriate therapy) detected 
during routine follow-up visits are relatively rare. Recommended routine follow-up 
intervals for ICD patients are range from 3 to 6 months and 6 month follow-up interval 
appear to be the safest (Senges-Becker et al., 2005). In addition, inappropriate 
pacing/sensing parameters of right ventricular lead implanted at the right ventricular apex 
could occur in the perioperative period. An alternate location for implantation in these 
situations is the right ventricular outflow tract. However, active-fixation of  right ventricular 
leads should be considered to limit the risk of electrode dislodgment (Lubinski et al. 2000). 

5. Complications after ICD replacement and/or upgrade procedures 
Device replacement is generally technically less challenging than a new implant but is 
associated with complications that may place the patient at substantial risk, including 
system infection requiring complete extraction (Gould et al., 2008; Moore et al., 2009). 
Patients who undergo ICD replacement or upgrade procedures often have significant 
cardiac conditions and noncardiac comorbidities and may therefore be at higher risk of 
developing complications from the procedure than has been demonstrated in randomized 
trials (Poole et al., 2010; Santini et al., 2006). The Canadian Heart Rhythm Society has 
previously reported on a retrospective series that involved 533 ICDs that were replaced 
because of an advisory, which demonstrated an overall complication rate of 8.1% (Gould et 
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events, including cerebrovascular insults (37% based on the reported cases of left ventricular 
leads, Van Gelder et al., 2000) and anticoagulation with warfarin is recommended. The 
median sternotomy or thoracotomy are the usual operative technique for the extraction of 
left ventricular lead. It was also reported a successful percutaneous removal of a left 
ventricular lead in patients who had been anticoagulated and had no evidence of thrombus 
on the lead (Trohman et al., 1991) or a minimally invasive technique for left ventricular lead 
extraction (Stouffer et al., 2010).  
Diaphragmatic stimulation is another possible manifestation of lead malposition. It is 
usually due to direct phrenic nerve stimulation from the right or left ventricular lead.  
Location of the left ventricular pacing lead is one of the determinants for success of cardiac 
resynchronization therapy (CRT). The implantation procedure includes several challenging 
technical issues and strongly depends on the highly variable anatomy of the coronary sinus. 
The optimal position of the LV pacing lead is the site of latest activation in the left ventricle, 
which enables effective resynchronization. Furthermore, phrenic nerve stimulation (PNS) 
occurs in 37% of CRT patients at implant or follow-up. To address this common problem, 
the manufacturers of CRT devices offer a range of configurations aimed at preventing PNS. 
A quadripolar LV lead has recently been designed which provides more programming 
configurations and may help to overcome high thresholds and PNS (Forleo GB et al., 2010; 
Shetty AK et al., 2011). There are several publications concerning quadripolar electrode 
implantation which show elimination of PNS, but the optimal LV pacing configuration 
should be determined on the basis of individual patient testing. We report a case in which 
the use of the quadripolar left ventricular lead pacing depended on the highly variable 
anatomy of the coronary sinus and resulted in the occurrence of stable PNS at 3- and 6-
months follow-up. In this case report, even 10/10 configurations could not prevent 
occurrence of PNS (Parahuleva et al., 2011) 
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Most dislodgements tended to occur in the 3 months following implantation, whereas lead 
fractures continued to occur throughout follow-up. Fractures of ICD leads may occur 5 
years after the implantation and coaxial polyurethane leads have a particularly high 
incidence of failure. However, there are no parameters that can be used to predict lead 
failure during follow-up (Kitamura et al., 2006). Although implantation techniques and 
generator technology continue to evolve, the occurrence of lead fractures and the need for 
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The device lead may perforate the atria, ventricle or coronary sinus during the implant 
procedure. Atrial leads perforated more frequently than ventricular leads, and ventricular 
ICD leads perforated more frequently than ventricular pacemaker leads. This 
complication almost always occurs after active fixation of pacing and ICD leads and may 
be associated with delayed right ventricular perforation and bleeding in to the pericardial 
space. Asymptomatic perforation is a common phenomenon with subacute or delayed 
perforation and without clinical signs (inappropriate shock, syncope, abdominal pain, 
mammary hematoma, diaphragm stimulation, and chest pain) of lead perforation at the 
time of the procedure or perforation of the right ventricle diagnosed more then 5 days 
(sometimes more then 6 months) after implantation. However, dyspnea with pericardial 
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effusion may occur requiring emergency pericardial drainage by cardiac tamponade. The 
risk of cardiac tamponade is increased in anticoagulated patients. Subacute ventricular 
perforation is a rare but potentially life threatening complication of lead implantation and 
the diagnosis could be emergency confirmed by chest x-ray, echocardiography, or 
computed tomography. A lead perforation rate is low and there were no statistically 
significant differences in perforation or dislodgement rates between manufacturers or 
lead models (Turakhia et al., 2009). 

3.2 Lead extraction-related complication 
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other device-related complications (Smith et al., 2008). Despite the development of more 
efficient and safer tools, the procedure continues to be associated with risk of major 
complications such as venous or myocardial damage, tamponade, and even death (Field et 
al. 2007). It has also been recognized that chronic leads (more than 1 year) occasionally break 
during the process of extraction and extraction of a fractured lead from the right ventricle is 
sometimes difficulty.  
Thus, implantation of an additional device lead versus extraction of the defective lead and 
implantation of a new one is one possible therapeutic approach in cases of a defective lead. 
Implantation of an additional or replacement of the lead in case of high-voltage pace/sense 
lead failure is statistically not different concerning mortality and morbidity (Wollmann et 
al., 2007). There are no predictors for further lead defects. Implantation of an additional lead 
should not be recommended in young patients. Predictors for death were an age over 70 
years and renal insufficiency.  

4. Pacing/sensing-related complications 
Pacing/sensing-related and ICD-specific complications (oversensing, undersensing, exit 
block, pacemaker-mediated tachycardia, ineffective and inappropriate therapy) detected 
during routine follow-up visits are relatively rare. Recommended routine follow-up 
intervals for ICD patients are range from 3 to 6 months and 6 month follow-up interval 
appear to be the safest (Senges-Becker et al., 2005). In addition, inappropriate 
pacing/sensing parameters of right ventricular lead implanted at the right ventricular apex 
could occur in the perioperative period. An alternate location for implantation in these 
situations is the right ventricular outflow tract. However, active-fixation of  right ventricular 
leads should be considered to limit the risk of electrode dislodgment (Lubinski et al. 2000). 

5. Complications after ICD replacement and/or upgrade procedures 
Device replacement is generally technically less challenging than a new implant but is 
associated with complications that may place the patient at substantial risk, including 
system infection requiring complete extraction (Gould et al., 2008; Moore et al., 2009). 
Patients who undergo ICD replacement or upgrade procedures often have significant 
cardiac conditions and noncardiac comorbidities and may therefore be at higher risk of 
developing complications from the procedure than has been demonstrated in randomized 
trials (Poole et al., 2010; Santini et al., 2006). The Canadian Heart Rhythm Society has 
previously reported on a retrospective series that involved 533 ICDs that were replaced 
because of an advisory, which demonstrated an overall complication rate of 8.1% (Gould et 
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al., 2006). This unexpectedly high complication rate was associated with major 
complications in 2.0% of patients, including death in 2 patients. A voluntary German ICD 
registry focusing on new implants reported rates of specific complications and found that 
pocket hematoma, chronic pain, and lead and device dislodgments leading to operative 
revisions were the most common events, with reoperation in 3.0% (Gradaus et al., 2003). 
Recently, the REPLACE registry reported a 4.0% complication rate in 1031 patients 
undergoing generator replacement and 15.3% in 713 patients with replacement and a lead 
addition (Poole et al., 2010). This prospective registry reported that ICDs and particularly 
CRT ICDs were associated with a greater risk of complications, consistent with the current 
study that found a higher complication in upgrade and CRT patients. However, identifying 
factors contributing to complications may permit identification of high-risk individuals that 
warrant incremental monitoring and therapy to attenuate risk. Recently, a prospective, 
multicenter, population-based registry of all ICD patients at 18 centers in Ontario, Canada 
showed, that risk factors associated with complications after ICD replacement, include the 
presence of angina, antiarrhythmic therapy, increased number of previous procedures, and 
low implanter volume (Krahn et al., 2011). Generator change is a higher risk procedure than 
new implants. This suggests that clinicians and researchers should consider strategies to 
minimize the need for device replacement, particularly because most devices are implanted 
for primary prevention.  

6. Conclusion 
Cardiovascular implantable cardioverter defibrillator-related complications are rare in 
patients with transvenous device implantation. The cardioverter-defibrillator can be life 
saving, but its potential complications could be significant and enormous. For this reason, 
the recognition of potential cardiovascular implantable cardioverter defibrillator-related 
complications is essential for advances in ICD technology and management strategies to 
avoid their recurrence and will assist and educate clinicians who care for an increasing 
number of patients with cardiovascular devices to minimize the incidence of this 
complication. 
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1. Introduction 
Atrial redirection surgery, brought into common use by Mustard’s modification of the Senning 
procedure, transformed the natural history of dextro-transposition of the great arteries (d-
TGA) from a 90% one year mortality to a 90% 1 year survival(1). Although rendering the infant 
acyanotic with excellent functional capacity, the morphological right ventricle(sRV) is required 
to support the systemic circulation. The sRV faces substantial pressure overload resulting in a 
high incidence of late ventricular failure(2). This prompted an evolution to a more 
physiologically acceptable correction in the form of the arterial switch or Jatene operation(3). 
The arrhythmias and heart failure that usually manifest by the second decade of life in patients 
after atrial redirection surgery pose a challenge to management.  
Apart from the progressive sRV dysfunction and heart failure, sinus bradycardia commonly 
arises because of surgical disruption to the sino-atrial node blood supply warranting early 
pacemaker implantation (4). The incidence of tachyarrythmias, most notably atrial flutter and 
fibrillation, may be related to ventricular dysfunction or as a consequence of atrial scarring 
following surgery. Ventricular tachycardia (VT) and fibrillation (VF) have been documented 
on holter monitoring in various long term studies and the incidence of sudden cardiac death 
(SCD) ranges between 2-11%(5). Cardiac resynchronization with a biventricular implantable 
cardioverter-defibrillator (ICD) therefore poses an attractive option particularly as a bridge to 
transplantation in this group of patients. We examine the challenges in terms of the anatomical 
constraints in a group of consecutive patients with surgically corrected TGA(6;7). 

1.1 Relevant anatomical issues 
Placement of intracardiac leads may compromise the haemodynamic status of the patient. 
Mechanical obstruction from an intra-baffle stenosis or thrombotic obstruction may be 
encountered or concomitant known associations such as severe tricuspid regurgitation, valvar 
and sub-valvar pulmonary stenosis must be borne in mind.  
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Intra-baffle leaks raise the possibility of systemic embolization and inadvertent lead 
positioning within the sRV.  
The coronary sinus (CS) in d-TGA, as in the normal human heart, lies in the atrio-ventricular 
groove between the left atrium and sub-pulmonic left ventricle (pLV). In the case of 
surgically altered d-TGA, the resultant sRV, is therefore not encircled by the CS. This limits 
transvenous access to the lateral wall of the sRV, for lead placement. A large aberrant 
coronary vein arising from the sRV may drain into the CS or directly into the right atrium 
(RA) figure 1. This may present an option for lead placement. An anterolateral cardiac vein 
may be regarded as a poor pacing site for a failing systemic LV but may be entirely suitable 
for pacing the sRV. In an anatomical study by Uemura et al, in hearts with congenitally 
corrected transposition (atrio-ventricular and ventriculo-arterial discordance), the CS 
drained the sRV in the majority (87%) of specimens with 5 having partial or complete 
drainage directly into the atrium (8).  
Electrical stimulation of the failing systemic ventricle is usually achieved transvenously via CS 
cannulation, utilising specially designed left venticular pacing leads. If this is unsuccessful (eg. 
lack of a suitable ventricular vein) a trans-sternal, surgical approach may be used. The latter, 
however, may be preferable if conducted at the time of cardiac surgery or with surgically or 
congenitally altered anatomy that makes transvenous CS access difficult or unachievable. 
Access to the coronary venous vasculature post Mustard surgery in d-TGA is also 
dependent on whether the surgeon leaves the CS os open to the systemic-atrial side of the 
baffle or to the pulmonary-venous portion. The next challenge is percutaneous cannulation 
of the CS given the altered atrial structure. Pre-procedural imaging using cardiac magnetic 
resonance, computerized tomography, intracardiac or transoesophageal echocardiograpy 
improves identification of coronary venous anatomy (9-11).  
 

 
Fig. 1. The anticipated coronary venous structure in dTGA.  
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1.2 Evolving concepts of cardiac resynchronization therapy 
Cardiac resychronization therapy (CRT) has become an integral part of the management of 
patients with ischaemic and non-ischaemic cardiomyopathies presenting with advanced 
heart failure. This device based strategy has also been successfully applied in patients with 
adult congenital heart disease and ventricular dysfunction (12).  
Cardiac asynchrony has been traditionally defined in patients in terms of electrical (QRS 
width >120ms) and doppler echocardiography (conventional/ tissue doppler). The CRT 
non-responder population however remains between 20-30% warranting evaluation of 
additional or alternative measurements. Experience is however limited in patients with 
morphological sRVs and these selection criteria may not be relevant in this peculiar 
population (13;14;15). 

1.3 Patients 
All patients were derived from a a jointly managed group of patients at a tertiary referral 
centre for clinical electrophysiology and adult congenital heart disease. All patients had 
NYHA grade II-III heart failure symptoms with a perceived risk of SCD. Conventional 
management would have entailed inevitable cardiac transplantation, with its associated 
complications. The decision to resort to device therapy was therefore taken out of clinical 
and life-saving necessity and was conducted in terms of our current understanding of best 
clinical practice. Where innovative strategies were employed, this was used primarily to 
increase patient benefit from a more refined and patient specific technique. 

1.4 Statistical analysis 
Demographic data and simple statistical analysis was performed using SPSS and represented 
at mean±std dev. Where relevant a test of significance was performed using a t-test. 

2. Application of cardiac defibrillator therapy for at risk patients with failing 
systemic right ventricles 
Technical considerations implant details, and follow-up on 5 patients with d-TGA and a 
Mustard procedure receiving an ICD ± concomitant CRT are addressed below. Right 
ventricular function was assessed by a combining echocardiographic visual appraisal and 
planimetry as well as RV angiography. An individualized approach to implantation was 
undertaken, taking into consideration existing transvenous electrodes and post surgical 
cardiac anatomy. After implantation, patients were followed-up at 4-6 weeks and then 6-
monthly intervals. Data at follow-up including functional assessment, device interrogation, 
ECG and transthoracic echocardiograms (TTEs) were reviewed.  
The baseline characteristics of the 5 patients (4 male, age 18-35 years) studied are shown in 
table 1. All had significantly impaired sRV function (mean sRV EF=30%) and impaired 
functional class (NYHA class II-III). Two patients had sustained VT, 3 non-sustained VT, 
and 4 had atrial arrhythmias. Four patients had previously implanted pacemakers. Pre-
implant electrophysiological studies were not performed. 

2.1 Implant considerations 
Implanting a transvenous electrode into the pLV requires that the lead navigates through 
the surgical baffle. Baffle stenosis impeding flow from the superior vena cava (SVC) to the 
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Intra-baffle leaks raise the possibility of systemic embolization and inadvertent lead 
positioning within the sRV.  
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transvenous access to the lateral wall of the sRV, for lead placement. A large aberrant 
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of the CS given the altered atrial structure. Pre-procedural imaging using cardiac magnetic 
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improves identification of coronary venous anatomy (9-11).  
 

 
Fig. 1. The anticipated coronary venous structure in dTGA.  
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1.2 Evolving concepts of cardiac resynchronization therapy 
Cardiac resychronization therapy (CRT) has become an integral part of the management of 
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pLV is common post Mustard modification(1). Defibrillator electrode placement will 
potentially further impede venous drainage and pLV filling. A strategic decision was 
therefore made not to implant multiple leads via anatomically narrow baffles and to treat 
any baffle stenosis prior to the implant. An entirely transthoracic defibrillation strategy was 
therefore employed in the first patient using a high energy defibrillator (maximum output of 
41J) with subcutaneous, single finger arrays (Model 6996. 25cm coil, 500cm2 surface. 
Medtronic, USA). Despite this defibrillation was ineffective figure 2.  
 

 
*NSVT=non sustained ventricular tachycardia, †SVT=supra-ventricular tachycardia, ‡VT=ventricular 
tachycardia 

Table 1. Salient baseline clinical characteristics of patients receiving defibrillators. 

Of the 4 patients with pre-existing pacemakers, 2 were demonstrated to have functional 
baffle stenosis and therefore underwent lead extraction and stent angioplasty at separate 
procedures at least 48 hours prior to transvenous insertion of a defibrillator lead. Those 
patients who had lead extractions and the patient with no pre-existing pacemaker 
underwent standard transvenous implantation with endocardial defibrillator coils placed 
via the subclavian vein into the pLV. Two patients with existing pacemakers and no 
evidence of baffle stenosis on cardiac catheterisation had their existing endocardial (pLV)  
 

  Patient 1 Patient 2 Patient 3 Patient 4 

 

Patient 5 

Age (years) at 

implantation 
24 22 35 18 25 

Documented 

arrhythmias 

Sinus 

bradycardia, 

atrial flutter, 

*NSVT 

Sinus 

bradycardia, 

‡VT, 

*NSVT 

Sinus 

bradycardia,  

atrial flutter, 

*NSVT 

†SVT, 

*NSVT 

Sinus 

bradycardia, 

†SVT, 

*NSVT, 

‡VT 

RVEF (%) 25 25 30 35 35 

Pre-existing 

device 
Yes Yes Yes No Yes 

Weight (kg) 110.2 106.1 77 67.4 54 

Implant Surgical Surgical Transvenous Transvenous Transvenous 

Expanding Applications of Defibrillators and Cardiac  
Resynchronization Therapy to Include Adult Congenital Heart Disease 

 

121 

 
Fig. 2. Diagrammatic view of the placement of the subcutaneous arrays (arrowed) around 
the chest wall in patient 1 with a sensing lead in the pLV. 

pace/sense electrodes conserved; 1 then had epicardial patch electrodes and 1 had 
subcutaneous arrays implanted at the time of trans-sternal, epicardial pacing lead placement 
for CRT. 

2.2 Defibrillation circuits and testing 
The patient with subcutaneous arrays, had the electrodes placed in an antero-posterior 
configuration around the left chest wall with a left sub-pectoral Can implantation (figure2).  
Ventricular fibrillation was induced via the chronic pLV endocardial pace/sense lead and 
therapies were delivered between the anterior and posterior subcutaneous arrays. A series 
of 6 inductions were performed with therapies of 25 to 41J but none were successful in 
terminating VF and external rescue shocks were required. Inclusion of the active Can in the 
circuit did not improve defibrillation outcome. 
One patient underwent epicardial patch electrode placement in the anterolateral and 
inferior positions over the systemic ventricle. This strategy was successful in defibrillating 
VF at 25J on the first induction (a 10J safety margin).  
The remaining 3 patients underwent standard transvenous system implants. An active Can 
was placed in the left sub-pectoral region and a defibrillation coil advanced under 
fluoroscopy to the pLV via the subclavian vein. The first 2 transvenous implants received 
dual coil leads (as is our standard practice when high DFTs are anticipated) but both had 
failed initial defibrillation, requiring exclusion of the SVC coil from the circuit. In 1 of these 
patients, a pLV to Can vector provided effective defibrillation at 25J, and in the other it was 
also necessary to reverse the polarity of the circuit to achieve this safety margin. This patient 
underwent 4 VF inductions and subsequently developed pulmonary oedema during the 
procedure.  

2.3 Follow up 
The median follow-up in all 5 patients was 20 months (range 15-24). A total of 4083 non-
sustained tachycardias were documented in the cohort over this period. One patient has 
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had VT with pre-syncope which was correctly diagnosed and treated by a discharge by 
the ICD.  

2.4 Discussion 
Mustard patients are at increased risk of SCD defined by sRV dysfunction, heart failure 
functional status, non-sustained VT and atrial arrhythmias (5). Only 1 patient in the cohort 
had a preceding out-of-hospital arrest but all patients had documented multiple ventricular 
ectopics on 24-hour holter analysis. None of the patients received formal 
electrophysiological studies as we felt that a negative study should not disqualify them. The 
patients were < 40 years of age and lived productive lives up to the point of referral. The 
absence of therapies in the majority of the patients (4/5) over 2 years of follow-up does not 
mean that the decision to implant them was incorrect. The time to the first appropriate 
therapy in other patient groups with ICDs often exceeds 2 years (16). 
It has also not previously been demonstrated that the gold standard treatment for 
prevention of SCD, namely ICDs, are effective in this population, and given the variation 
from normal anatomy, efficacy should not be assumed. Appropriate vectors of defibrillation, 
as determined by electrode placement, are the key determinants of defibrillation success 
(17). The SVC cavity to pLV vector in particular appears to exclude much of the sRV and 
septum figure 3 whilst severe chamber dilatation, common in Mustard patients, is 
recognised from other populations to be associated with less effective defibrillation (18).  
 

 
Fig. 3. Electrode positions and defibrillation pathways of a dual coil lead system in a patient 
post Mustard correction. A dual coil defibrillator lead implanted into the pLV tends to be 
located more superiorly than when it is in an apical position in the right ventricle. The result 
is that the proximal electrode rests within the SVC/left subclavian vein. The defibrillation 
vector between the SVC and pLV thus excludes the major myocardial mass, reducing 
defibrillation efficacy. 

The role of polarity reversal is less well established. Data from randomised trials provides 
some evidence but no rational explanation, that by inverting vectors, efficacy may be 
improved in patients (19). However, with a limited number of inductions in any given 
individual, apparent differences in efficacy may be no more than a reflection of the 
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probabilistic nature of defibrillation success and we need to be cautious in making finite 
decisions as regards what will and will not work in individual patients. 
The single patient experience with subcutaneous defibrillation was plainly suboptimal with 
no successful defibrillation achieved. This may be a reflection of the Mustard anatomy or 
other independent factors that potentially may affect defibrillation efficacy. This patient had 
a body mass index of 33 and gross cardiomegaly. 
Our experience demonstrates that transvenous implantation is feasible but may require 
interventions such as lead extraction and angioplasty of the atrial baffle to avoid venous 
pathway obstruction. The optimal defibrillation vector with a transvenous implant appears 
to be pLV to active Can and as such, single coil leads are preferred. Our experience with 
subcutaneous arrays alone was unsatisfactory. Efficacy may be improved by selecting 
patients with a smaller body habitus and by incorporating intra-thoracic electrodes. 
Epicardial patches require an open chest procedure and may be placed at the time of 
concomitant epicardial CRT if indicated in the individual patient.  
The findings mandate the use of high output devices, regardless of the configuration, in 
anticipation of compromised defibrillation efficacy in similar patients which ultimately may 
prove more cost effective than undertaking revision procedures. 

2.5 Conclusion 
Defibrillator implantation in Mustard patients is feasible though challenging. Clinicians 
planning to implant such patients must be prepared to optimise the systemic venous access 
of the baffle prior to implantation and then to have strategies in place to tackle high 
defibrillation thresholds and the decompensation that may result from multiple VF 
inductions. Endocardial pLV to active Can and epicardial patches are effective defibrillation 
strategies in this group.  

3. Cardiac resynchronisation therapy 
Although the atrial switch was abandoned in the 1980s for the Jatene (arterial switch) 
procedure, a considerable number of patients have survived into their third decade of life 
(20). The right ventricle is not capable of supporting the systemic circulation for this 
extended period. Patients post Senning or Mustard operations, invariably experience right 
ventricular failure by the second and third decades of life (4;21). If cardiac transplantation is 
their only option, these patients face a post operative average life expectancy of just 10 years 
(22). Coupled with the limited availability of donors, this management plan is suboptimal 
for these, generally young patients. We present here 3 consecutive cases who had pre-
existing dual chamber pacemakers upgraded to CRT/D. Two required a hybrid approach 
using epicardial leads implanted by surgical thoracotomy while a 3rd successfully had an 
endocardial sRV pace/sense lead implanted. Although the results varied for these cases, 
they demonstrate plausible alternatives to management. 

3.1 Case presentations 
3.1.1 Case 1 
Patient 1 was 110 kg and 22 years old at time of implantation of his CRT/D system (table2). 
The underlying congenital anomaly of simple transposition was initially temporised by an 
atrial septostomy soon after birth and then with a Mustard operation at 7 months of age. At 
18 years of age he presented with sino-atrial node dysfunction (a common complication  
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  Patient 1  Patient 2  
Age (years) at implantation 22 24 
Wight (kg) 110 106 
Onset of symptoms 15 16 
Initial symptoms Effort intolerance Breathlessness & chest pain 
Gender M M 
NYHA III III 
Drug therapy    
ACE inhibitor Lisinopril Lisinopril 
Beta Blocker Bisoprolol Bisoprolol 
Cardiac glycoside Y Y 
Frusemide Y Y 
Spironolactone N Y 
Amiodarone Y N 
Echo features   
sRV  Dilated. Severely impaired Dilated, severely impaired 
pLV Moderately impaired “Normal” 
TR Mild Mild 
MR Trivial - 
ECG features   
BBB RBBB RBBB 
AVB First degree First degree 
QRS duration  120ms 160 ms 
CXR Cardiothoracic ratio 0.6 0.7 
SAN dysfunction Sinus bradycardia Sinus bradycardia 
NSVT Y Y 
VT N Y 
VF N N 
SVT Atrial Flutter (ablated) N 

*N-No   Y-Yes   mRV- morphological right ventricle   mLV- morphological left ventricle   TR-tricuspid 
regurgitation   MR-mitral regurgitation   BBB-Bundle branch block   AVB-atrioventricular block   SAN-
sino-atrial node   NSVT-non sustained VT   VT-ventricular tachycardia   VF-ventricular fibrillation   
SVT-supraventricular 

Table 2. Baseline clinical characteristics of 2 patients with Mustard corrections and 
prexisting pacemakers receiving an upgrade to CRT. 

following Mustard surgery) and therefore received a dual chamber pacemaker (Medtronic 
THERA DR 7968i. Medtronic. Inc., MA). Transthoracic echocardiogram revealed a dilated 
and myopathic sRV with an EF of 25% and a dp/dt ratio = 438.3 with evidence of 
asychronous ventricular contraction. The systemic ventricle (sRV) myocardial performance 
index was 0.53. An exercise treadmill test showed a suboptimal response with a cardiac 
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output of 3.9 l/min pre-exercise to 9.0 l/min at maximal exercise. He had an underlying 
right bundle branch block QRS morphology. Recent evidence from other series also suggest 
an increase risk of VT/VF and SCD in patients following Mustard procedures presenting 
with sRV dysfunction and atrial tachyarrhythmias (1). Cardiac resynchronization and 
defibrillator therapy offered a plausible alternative to delaying cardiac transplantation. The 
implant was performed via a mini-thoracotomy through the lower part of the previous 
sternal incision. The chronic atrial and pLV leads were conserved and a steroid eluting 
pace/sense electrode was sutured to the inferior epicardial surface of the right ventricle 
(Medtronic 4968). Two single-finger subcutaneous defibrillator arrays (Medtronic 6996) 
were implanted in an antero-posterior configuration and connected to the defibrillator ports 
of a Contak RENEWAL 4HE defibrillator (Guidant Inc.). Attempts at biventricular pacing 
(BVP) were also of limited benefit. A TTE guided optimization of CRT resulted in the sRV 
being paced 40ms before the pLV. The paced QRS remained predominantly right bundle 
branch block in morphology but had increased to 200ms from a baseline width of 120ms. 
Apart from not experiencing a subjective improvement in symptoms, the patient presented 
with episodes of recurrent paroxysmal atrial flutter documented on holter analysis. 
A successful flutter ablation was performed using non-contact mapping (EnsiteTM. St. Jude 
Medical). Two lines of block were created extending from the inferior vena cava to the 
inferior limb of the baffle and also from the tricuspid valve to the pulmonary venous side of 
the baffle. Despite further adjustment to the paced atrioventricular delay (AVD) and 
ventricular off-set, there was no improvement in symptoms. At his most recent follow-up 
doppler parameters suggested atrial pacing provided the optimal configuration (AAIR).  
His effort tolerance was quantified objectively on the treadmill using the Bruce protocol and 
he exercised for 6.58 minutes.  

3.1.2 Case 2 
The second patient (24 years) weighed 106kg, was born with simple d-TGA and a large 
patent ductus arteriosus which had spontaneously closed by the time of atrial baffle 
construction at 6 months of age. Thereafter periodic surveillance with TTE revealed a mild 
stenosis of the inferior limb of the atrial baffle. Onset of dyspnoea and effort related chest 
pain with diaphoresis occurred at 17 years and was assumed to be due to sRV dysfunction 
and demand ischaemia after demonstration of unobstructed coronary arteries. Like the 
previous patient, profound sinus bradycardia was documented on holter monitoring which 
resulted in pacemaker implantation at the age of 22. Two years later, his effort tolerance 
deteriorated from NYHA grade II to III/IV with an episode of VT and accompanying 
syncope. The decision was made to upgrade to a CRT/D. Preceding angiography 
demonstrated a stenosis in the inferior limb of the atrial baffle for which balloon angioplasty 
was successfully performed.  
The upgrade was performed by surgical thoracotomy, conserving the chronic atrial and 
ventricular pacing leads (Medtronic 5076). An epicardial steroid eluting electrode 
(Medtronic 4968) was attached to the inferior epicardial surface of the sRV. The pacing 
threshold of the sRV epicardial lead at implantation was 5.5v @ 0.5ms, with an R wave 
measuring 4.6mV and an impedance of 1100 ohms. The epicardial system showed a great 
variability in pacing parameters over a 9 month follow-up period post procedure (table3).  
Once again, the atrioventricular delay (AVD) and ventricular pacing off-set was guided by 
echocardiography and the sRV was paced 40ms ahead of the pLV in the final programming. 
The patient symptomatically improved to NYHA grade II status.  
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  Patient 1  Patient 2  
Age (years) at implantation 22 24 
Wight (kg) 110 106 
Onset of symptoms 15 16 
Initial symptoms Effort intolerance Breathlessness & chest pain 
Gender M M 
NYHA III III 
Drug therapy    
ACE inhibitor Lisinopril Lisinopril 
Beta Blocker Bisoprolol Bisoprolol 
Cardiac glycoside Y Y 
Frusemide Y Y 
Spironolactone N Y 
Amiodarone Y N 
Echo features   
sRV  Dilated. Severely impaired Dilated, severely impaired 
pLV Moderately impaired “Normal” 
TR Mild Mild 
MR Trivial - 
ECG features   
BBB RBBB RBBB 
AVB First degree First degree 
QRS duration  120ms 160 ms 
CXR Cardiothoracic ratio 0.6 0.7 
SAN dysfunction Sinus bradycardia Sinus bradycardia 
NSVT Y Y 
VT N Y 
VF N N 
SVT Atrial Flutter (ablated) N 

*N-No   Y-Yes   mRV- morphological right ventricle   mLV- morphological left ventricle   TR-tricuspid 
regurgitation   MR-mitral regurgitation   BBB-Bundle branch block   AVB-atrioventricular block   SAN-
sino-atrial node   NSVT-non sustained VT   VT-ventricular tachycardia   VF-ventricular fibrillation   
SVT-supraventricular 

Table 2. Baseline clinical characteristics of 2 patients with Mustard corrections and 
prexisting pacemakers receiving an upgrade to CRT. 

following Mustard surgery) and therefore received a dual chamber pacemaker (Medtronic 
THERA DR 7968i. Medtronic. Inc., MA). Transthoracic echocardiogram revealed a dilated 
and myopathic sRV with an EF of 25% and a dp/dt ratio = 438.3 with evidence of 
asychronous ventricular contraction. The systemic ventricle (sRV) myocardial performance 
index was 0.53. An exercise treadmill test showed a suboptimal response with a cardiac 
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output of 3.9 l/min pre-exercise to 9.0 l/min at maximal exercise. He had an underlying 
right bundle branch block QRS morphology. Recent evidence from other series also suggest 
an increase risk of VT/VF and SCD in patients following Mustard procedures presenting 
with sRV dysfunction and atrial tachyarrhythmias (1). Cardiac resynchronization and 
defibrillator therapy offered a plausible alternative to delaying cardiac transplantation. The 
implant was performed via a mini-thoracotomy through the lower part of the previous 
sternal incision. The chronic atrial and pLV leads were conserved and a steroid eluting 
pace/sense electrode was sutured to the inferior epicardial surface of the right ventricle 
(Medtronic 4968). Two single-finger subcutaneous defibrillator arrays (Medtronic 6996) 
were implanted in an antero-posterior configuration and connected to the defibrillator ports 
of a Contak RENEWAL 4HE defibrillator (Guidant Inc.). Attempts at biventricular pacing 
(BVP) were also of limited benefit. A TTE guided optimization of CRT resulted in the sRV 
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the baffle. Despite further adjustment to the paced atrioventricular delay (AVD) and 
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3.1.2 Case 2 
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(Medtronic 4968) was attached to the inferior epicardial surface of the sRV. The pacing 
threshold of the sRV epicardial lead at implantation was 5.5v @ 0.5ms, with an R wave 
measuring 4.6mV and an impedance of 1100 ohms. The epicardial system showed a great 
variability in pacing parameters over a 9 month follow-up period post procedure (table3).  
Once again, the atrioventricular delay (AVD) and ventricular pacing off-set was guided by 
echocardiography and the sRV was paced 40ms ahead of the pLV in the final programming. 
The patient symptomatically improved to NYHA grade II status.  
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 sRV epicardial lead pLV endocardial lead RA endocardial lead 

 Threshold Resistance 
(ohms)

Threshold Resistance 
(ohms)

Threshold Resistance 
(ohms) 

Implant 0.5ms@5.5v 1100 0.2ms@1.5v 448 0.3ms@1.5v 480 

1 month* 0.5ms@6.0v 576 0.2ms@1.0v 432 0.4ms@1.0v 496 

6 month 0.3ms@5.0v 624 0.4ms@1.2v 464 0.4ms@1.0v 624 

9 month 0.3ms@5.0v 648 0.2ms@1.5v 448 0.3ms@1.5v 480 

* follow-up 

Table 3. Comparison of pacing parameters of epicardial and endocardial leads at sequential 
follow-up in patient 2 implanted post Mustard surgery with a hybrid CRT system. 

Cardiac resynchronization therapy has dramatically improved the quality of life in patients 
presenting with grade III and IV NYHA symptoms of heart failure (23). We have 
demonstrated here its application in two patients with sRV dysfunction using surgically 
positioned epicardial leads.  
It may be argued that preceding angioplasty of significant baffle related stenoses in both 
patients may have contributed to functional improvement. The baffle angioplasties were 
performed in both patients as a separate procedure at least 48 hours before device 
implantation. This was done primarily to reduce the duration of the device implantation 
procedure but neither patient demonstrated appreciable clinical or echocardiographic 
benefit from relief of the stenoses on myocardial function in the period leading up to the 
actual implant. 
The RV in a normal heart is a thinner walled and crescent shaped structure, that is not a 
suitable long term substitute for the left ventricle. The concave intrusion of the septum into 
the cavity of the RV also provides the optimal geometry for overall RV function (24). If left 
to chronically support the systemic circulation, the RV hypertrophies and dilates with 
subsequent flattening of the interventricular septum. The resultant dyskinetic septal motion 
further worsens the functional impairment of the dysfunctional RV. Resynchronization 
therapy should therefore serve not only to pace the RV free wall but co-ordinate this with 
septal motion. This complex anatomical and functional interaction suggests that we need to 
take greater care in positioning pacing leads over the sRV, to ensure adequate septal and 
free wall recruitment during biventricular pacing.  
From this discussion we can infer why CRT failed in the first patient. The epicardial lead 
was placed on the sRV at the discretion of the surgeon over its inferior border with no 
formal guidance. It was only limited by the pacing threshold at the respective site. This 
arbitrary placement may have been responsible for the non-response. Perhaps a more 
guided approach such as that suggested by Dekker et al using intra-procedural pressure-
volume loop monitoring may have altered the outcome (25).  
Epicardial pacing systems have been more frequently associated, than transvenous systems, 
with higher pacing thresholds, diaphragmatic stimulation, lead fracture and insulation 
breaks (26).The use of steroid eluting leads, does alleviate some of the deterioration in 
pacing parameters but this unfortunately did not offer an advantage in the second patient 
(27). Due to previous surgery, the location of viable myocardium for pacing is difficult and 
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placement of electrodes on the inferior aspect of both the sRVs was because of limited access 
to the sRV free wall. 
Transvenous attempts at coronary sinus cannulation may also result in failure to deliver a 
appropriately positioned lead. Mair et al in a comparative study, also demonstrated a higher 
complication rate with transvenous CS lead placement than with epicardial implantation via 
a mini-thoracotomy procedure (26). A video-assisted thoroscopy creating a minimally 
invasive percutaneous approach may be a solution but the option requires expertise and is 
dependent on centre availability (28). This prompted us to consider endocardial delivery of 
the pace/sense lead to the sRV in the next case study. 
The feasibility and safety of endocardial pacing of the systemic ventricle using a transseptal 
route to the left ventricle in normally “transposed” hearts was shown by Jais et al in a small 
series of 11 patients (29). In patients post Mustard correction, this would mean perforation 
through the atrial baffle or passage through a baffle leak to implant the lead onto the 
endocardial surface of the sRV followed by life long anticoagulation because of the potential 
for paradoxical and systemic embolization. Disruption to the atrial structures and 
interference with the atrioventricular valve may become issues in the long term follow-up of 
these patients but this remains an option with the benefit of more stable endocardial pacing 
thresholds. 

3.1.3 Case 3 
A 27 year old female with a Mustard procedure for d-TGA, and subsequent DDDR 
pacemaker implantation for sinus node dysfunction at age 17years, presented with 
progressive effort intolerance. Transthoracic echocardiogram and angiography revealed a 
dilated sRV with systolic dysfunction (EF=23%) and predominant lateral free wall 
hypokinesia.  
Holter monitoring revealed episodes of non-sustained ventricular tachycardia. The 12-lead 
electrocardiogram (ECG) revealed atrial and ventricular sequential pacing with fused 
sinus/paced QRS complexes measuring 130ms. She achieved just 4.8 minutes on treadmill 
testing (Bruce protocol) compared to just 8.4 minutes documented 10 years earlier. 
Preceding diagnostic cardiac catheterization revealed severe stenosis of the inferior baffle 
and a minor leak in the superior baffle communicating with the pulmonary venous atrium. 
Stent angioplasty of the inferior baffle was performed to relieve the obstruction (figure 4).  
A multi-electrode (MEA) catheter (Ensite 3000. St. Jude Medical. USA) was then inserted 
retrogradely across the aortic valve into the sRV and isopotential (voltage) maps were 
created of the sRV during AAI, DDD pacing (RA+pLV then RA+sRV). Biventricular 
pacing (BVP) was simulated by pacing from a roving ablation catheter (7F Stinger. Bard. 
Minneapolis.USA) within the sRV and by triggering sRV pacing after the sensed pLV 
impulse (figure 5). Because of this there was an inherent delay of 20ms after pLV chamber 
pacing. Atrial pacing (AAI) achieved diffuse and rapid activation of the sRV however 
Wenckebach’s phenomenon of the atrioventricular node was noted at just 70 beats per 
minute making constant ventricular pacing necessary. Voltage mapping during pLV 
apical pacing showed inhomogenous activation of the sRV in that the peak voltage 
activation waveform failed to involve considerable areas of the sRV free wall. Direct 
pacing of the endocardial surface of the sRV resulted in diffuse and rapid activation This 
was achieved from multiple sites on the sRV free-wall endocardium extending from the 
apex to the base. 
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follow-up in patient 2 implanted post Mustard surgery with a hybrid CRT system. 
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positioned epicardial leads.  
It may be argued that preceding angioplasty of significant baffle related stenoses in both 
patients may have contributed to functional improvement. The baffle angioplasties were 
performed in both patients as a separate procedure at least 48 hours before device 
implantation. This was done primarily to reduce the duration of the device implantation 
procedure but neither patient demonstrated appreciable clinical or echocardiographic 
benefit from relief of the stenoses on myocardial function in the period leading up to the 
actual implant. 
The RV in a normal heart is a thinner walled and crescent shaped structure, that is not a 
suitable long term substitute for the left ventricle. The concave intrusion of the septum into 
the cavity of the RV also provides the optimal geometry for overall RV function (24). If left 
to chronically support the systemic circulation, the RV hypertrophies and dilates with 
subsequent flattening of the interventricular septum. The resultant dyskinetic septal motion 
further worsens the functional impairment of the dysfunctional RV. Resynchronization 
therapy should therefore serve not only to pace the RV free wall but co-ordinate this with 
septal motion. This complex anatomical and functional interaction suggests that we need to 
take greater care in positioning pacing leads over the sRV, to ensure adequate septal and 
free wall recruitment during biventricular pacing.  
From this discussion we can infer why CRT failed in the first patient. The epicardial lead 
was placed on the sRV at the discretion of the surgeon over its inferior border with no 
formal guidance. It was only limited by the pacing threshold at the respective site. This 
arbitrary placement may have been responsible for the non-response. Perhaps a more 
guided approach such as that suggested by Dekker et al using intra-procedural pressure-
volume loop monitoring may have altered the outcome (25).  
Epicardial pacing systems have been more frequently associated, than transvenous systems, 
with higher pacing thresholds, diaphragmatic stimulation, lead fracture and insulation 
breaks (26).The use of steroid eluting leads, does alleviate some of the deterioration in 
pacing parameters but this unfortunately did not offer an advantage in the second patient 
(27). Due to previous surgery, the location of viable myocardium for pacing is difficult and 
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placement of electrodes on the inferior aspect of both the sRVs was because of limited access 
to the sRV free wall. 
Transvenous attempts at coronary sinus cannulation may also result in failure to deliver a 
appropriately positioned lead. Mair et al in a comparative study, also demonstrated a higher 
complication rate with transvenous CS lead placement than with epicardial implantation via 
a mini-thoracotomy procedure (26). A video-assisted thoroscopy creating a minimally 
invasive percutaneous approach may be a solution but the option requires expertise and is 
dependent on centre availability (28). This prompted us to consider endocardial delivery of 
the pace/sense lead to the sRV in the next case study. 
The feasibility and safety of endocardial pacing of the systemic ventricle using a transseptal 
route to the left ventricle in normally “transposed” hearts was shown by Jais et al in a small 
series of 11 patients (29). In patients post Mustard correction, this would mean perforation 
through the atrial baffle or passage through a baffle leak to implant the lead onto the 
endocardial surface of the sRV followed by life long anticoagulation because of the potential 
for paradoxical and systemic embolization. Disruption to the atrial structures and 
interference with the atrioventricular valve may become issues in the long term follow-up of 
these patients but this remains an option with the benefit of more stable endocardial pacing 
thresholds. 

3.1.3 Case 3 
A 27 year old female with a Mustard procedure for d-TGA, and subsequent DDDR 
pacemaker implantation for sinus node dysfunction at age 17years, presented with 
progressive effort intolerance. Transthoracic echocardiogram and angiography revealed a 
dilated sRV with systolic dysfunction (EF=23%) and predominant lateral free wall 
hypokinesia.  
Holter monitoring revealed episodes of non-sustained ventricular tachycardia. The 12-lead 
electrocardiogram (ECG) revealed atrial and ventricular sequential pacing with fused 
sinus/paced QRS complexes measuring 130ms. She achieved just 4.8 minutes on treadmill 
testing (Bruce protocol) compared to just 8.4 minutes documented 10 years earlier. 
Preceding diagnostic cardiac catheterization revealed severe stenosis of the inferior baffle 
and a minor leak in the superior baffle communicating with the pulmonary venous atrium. 
Stent angioplasty of the inferior baffle was performed to relieve the obstruction (figure 4).  
A multi-electrode (MEA) catheter (Ensite 3000. St. Jude Medical. USA) was then inserted 
retrogradely across the aortic valve into the sRV and isopotential (voltage) maps were 
created of the sRV during AAI, DDD pacing (RA+pLV then RA+sRV). Biventricular 
pacing (BVP) was simulated by pacing from a roving ablation catheter (7F Stinger. Bard. 
Minneapolis.USA) within the sRV and by triggering sRV pacing after the sensed pLV 
impulse (figure 5). Because of this there was an inherent delay of 20ms after pLV chamber 
pacing. Atrial pacing (AAI) achieved diffuse and rapid activation of the sRV however 
Wenckebach’s phenomenon of the atrioventricular node was noted at just 70 beats per 
minute making constant ventricular pacing necessary. Voltage mapping during pLV 
apical pacing showed inhomogenous activation of the sRV in that the peak voltage 
activation waveform failed to involve considerable areas of the sRV free wall. Direct 
pacing of the endocardial surface of the sRV resulted in diffuse and rapid activation This 
was achieved from multiple sites on the sRV free-wall endocardium extending from the 
apex to the base. 
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Fig. 4. A. Shows the RA and pLV leads of the existing DDD pacemaker. Contrast injection 
into the IVC demonstrates a stenosis within the inferior baffle limb but was adequate to 
allow passage of the pigtail catheter. B. Shows the satisfactory post stent result. 

Baffle angioplasty and was initially performed thereafter a 4F lumenless pace/sense active 
fixation lead ( model 6996, SelectSecureTM. Medtronic Inc. ) was deployed using a steerable 
delivery sheath via a standard left subclavian vein approach with anticoagulation (heparin 
1000units/kg maintaining an activated clotting time of ± 300seconds). The superior limb of 
the systemic baffle was crossed through the baffle leak and positioned in the antero-basal 
segment of the sRV (figure 6).  
Instantaneous intra-arterial blood pressure response was assessed during AAI, DDD 
(RA+pLV and RA+sRV) and simulated biventricular pacing (BVP) (pLV+ sRV)(2). An 
arbitrary paced AVD of 110 ms was selected for DDD configurations (table 5). 
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Fig. 5. The MEA catheter is deployed in the sRV. Isopotential maps of the sRV are created 
from pacing off the RA & pLV leads and from a roving ablation catheter within the sRV. 

Despite the shortest activation time of 90ms occurring with AAI pacing, the maximal acute, 
blood pressure response of 73mmHg( average 60±9 mmHg) occurred during BVP 
(Table 5). An early (1week TTE) and sustained (after 6 months) 43% improvement in EF was 
also noted (23% to 33%). Effort tolerance improved from NYHA III to II accompanied by a 
decrease in QRS width from 130 to 120ms during consistent synchronous BVP in DDDR 
mode. No antitachycardia therapies have thus far been documented. 
 

 
Table 5. Tabulation of the maximal, acute, intra-procedural arterial blood pressure response 
obtained with each pacing modality. The AVD was arbitrarily set at 110ms.  

We have presented here a novel strategy using ventricular activation maps to direct 
endocardial lead placement in an effort to achieve successful BVP in patients with a Mustard 
procedure and a failing sRV. The application of CRT has been extrapolated to the adult 
congenital heart disease population following success in treating patients with 
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 Blood pressure response during pacing  

 Blood pressure (mmHg) Mean Blood pressure 

   

AAI 75/43 53 

DDD (RA/pLV)* 76/41 55 

DDD (RA/sRV)* 78/48 58 

BVP  (sRV+pLV) 100/58 73  

  60±9 mmHg 

*AVD=110 ms.  
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cardiomyopathies. Although no randomised controlled data exists for these patients, there 
has been documentation in the form of small case series (30). What is apparent is that 
conventional selection criteria may not apply and that there is variation in technical 
approaches sometimes requiring a combined endocardial and epicardial system.  
 

 

 
Fig. 6. A. Illustrates a small baffle leak in the superior limb allowing access for a sheath to 
deliver the 4F pacing lead into the sRV pictures in B. 

3.2 Conclusion 
The advent of atrial redirection surgery heralded potential survival to adulthood for 
patients with d-TGA who would have otherwise faced inevitable childhood death. 
However, the late complications arising from this surgery, particularly progressive heart 
failure and the increase risk of SCD remain challenges for management. The indications and 
best methods to effect successful CRT/D therapy however remain unknown apart from 
combined anecdotal evidence. In this patient cohort, we have demonstrated that the pLV to 
active defibrillator Can was the most successful as was the use of epicardial patches. An 

Expanding Applications of Defibrillators and Cardiac  
Resynchronization Therapy to Include Adult Congenital Heart Disease 

 

131 

exclusively transthoracic system utilizing subcutaneous electrodes proved unreliable 
because of the influence of weight in adult patients. A combination of intracardiac, intra-
thoracic and subcutaneous electrodes is however sometimes necessary to enhance 
defibrillation efficacy. 
The initial experience with CRT using a combined endocardial and epicardial lead system 
proved inconsistent and may have been because of poor patient selection but also because of 
suboptimal epicardial lead placement. The use of non contact mapping in addition to 
echocardiographic criteria was used to define asynchrony and guide endocardial placement 
of a pacing lead within the sRV. This warranted anticoagulation, but was performed with 
relative ease. 
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deliver the 4F pacing lead into the sRV pictures in B. 

3.2 Conclusion 
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exclusively transthoracic system utilizing subcutaneous electrodes proved unreliable 
because of the influence of weight in adult patients. A combination of intracardiac, intra-
thoracic and subcutaneous electrodes is however sometimes necessary to enhance 
defibrillation efficacy. 
The initial experience with CRT using a combined endocardial and epicardial lead system 
proved inconsistent and may have been because of poor patient selection but also because of 
suboptimal epicardial lead placement. The use of non contact mapping in addition to 
echocardiographic criteria was used to define asynchrony and guide endocardial placement 
of a pacing lead within the sRV. This warranted anticoagulation, but was performed with 
relative ease. 
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1. Introduction 
Sudden cardiac death (SCD) in young athletes is a tragic event with devastating effects on 
the family, athletic team, and the local community. Unfortunately sudden cardiac arrest 
(SCA) due to ventricular fibrillation (VF) is often the first manifestation of underlying 
cardiovascular disorders and is associated with high mortality. Sudden death in sport is rare 
and is usually due to congenital or hereditary structural and electrical cardiovascular 
disorders in young athletes (< 35 years), and atherosclerotic coronary artery disease (CAD) 
in older athletes. There is debate over the most appropriate screening strategy to identify 
athletes at risk of SCD. Since some cardiac disorders cannot be identified without elaborate 
and cost-prohibitive pre-participation cardiovascular screening (PPS) programmes, 
additional strategies such as an effective programming using automated external 
defibrillators (AED) may be crucial in minimising cardiovascular deaths in athletes. 
Furthermore PPS would not prevent acquired cases of cardiovascular fatality in sports such 
as myocarditis, commotio cordis, and heatstroke or electrolyte disturbances. This chapter 
provides an overview of the magnitude of the problem, causes of SCD in athletes, the 
efficacy of automated external defibrillator (AED) in managing SCA, and the importance of 
emergency response planning to ensure effective management of SCA in athletes. 

2. Sudden cardiac death & Sudden Arrhythmic Death Syndrome (SADS) 
Sudden cardiac death (SCD) is defined as an unexpected, non-traumatic, non-violent event 
resulting from sudden cardiac arrest (SCA) within six hours of previously witnessed normal 
health. A sudden cardiac death where no cause of death is found despite detailed 
examination of the heart by an expert cardiac pathologist is referred to as Sudden 
Arrhythmic Death Syndrome (SADS). 

2.1 Causes of sudden cardiac death in athletes 
Cardiovascular disorders remain the most common cause of death in western world. The 
commonest cause of sudden cardiac death in individuals aged over 35 years is coronary 
artery disease. In young athletes aged less than 35 years, hypertrophic cardiomyopathy 
(HCM) is the most common cause of SCD (Maron BJ, 2003). Other causes of SCD that affect 
heart structurally include arrhythmogenic right ventricular cardiomyopathy (ARVC), 
dilated cardiomypathy (DCM), coronary artery anomalies, aortic root rupture (can be  
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(SCA) due to ventricular fibrillation (VF) is often the first manifestation of underlying 
cardiovascular disorders and is associated with high mortality. Sudden death in sport is rare 
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athletes at risk of SCD. Since some cardiac disorders cannot be identified without elaborate 
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additional strategies such as an effective programming using automated external 
defibrillators (AED) may be crucial in minimising cardiovascular deaths in athletes. 
Furthermore PPS would not prevent acquired cases of cardiovascular fatality in sports such 
as myocarditis, commotio cordis, and heatstroke or electrolyte disturbances. This chapter 
provides an overview of the magnitude of the problem, causes of SCD in athletes, the 
efficacy of automated external defibrillator (AED) in managing SCA, and the importance of 
emergency response planning to ensure effective management of SCA in athletes. 
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Sudden cardiac death (SCD) is defined as an unexpected, non-traumatic, non-violent event 
resulting from sudden cardiac arrest (SCA) within six hours of previously witnessed normal 
health. A sudden cardiac death where no cause of death is found despite detailed 
examination of the heart by an expert cardiac pathologist is referred to as Sudden 
Arrhythmic Death Syndrome (SADS). 

2.1 Causes of sudden cardiac death in athletes 
Cardiovascular disorders remain the most common cause of death in western world. The 
commonest cause of sudden cardiac death in individuals aged over 35 years is coronary 
artery disease. In young athletes aged less than 35 years, hypertrophic cardiomyopathy 
(HCM) is the most common cause of SCD (Maron BJ, 2003). Other causes of SCD that affect 
heart structurally include arrhythmogenic right ventricular cardiomyopathy (ARVC), 
dilated cardiomypathy (DCM), coronary artery anomalies, aortic root rupture (can be  
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associated with Marfan’s syndrome) and valvular heart disease (Figure 1). According to the 
Italian data, ARVC accounts for approximately 25% of all cases of SCD in athletes (Corrado 
et al., 2005). This discrepancy in the prevalence of ARVC between the US and Italy could be 
attributed to several factors, notably the existence of a legal and mandatory PPS programme 
in Italy that has proven effective in the early diagnosis of HCM with subsequent 
disqualification from sport. Most data on SCD in Italy is derived from the Veneto region 
which is internationally renowned for pathological expertise in the diagnosis of ARVC. 
In approximately 4% of all cases of SCD in sport the heart may appear structurally normal. 
The most commonly implicated conditions in such circumstances include the hereditary ion 
channelopathies and congenital accessory pathways e.g. long QT syndrome (LQTS), 
Brugada syndrome, Wolff-Parkinson-White Syndrome (WPW), catecholaminergic 
polymorphic ventricular tachycardia (CPVT) and Lenegre’s disease. Other acquired causes 
of SCD include electrolyte disturbances, drugs, myocarditis and Commotio Cordis (blunt 
trauma to chest leading to ventricular arrhythmia). 
 

 
Fig. 1. Causes of sudden cardiac death in young athletes (adapted from Maron et al., 2009). 
HCM, hypertrophic cardiomyopathy; ARVC, arrythmogenic right ventricular 
cardiomyopathy; LAD, left anterior descending artery; CAD, coronary artery disease; AS, 
aortic stenosis; DCM, dilated cardiomyopathy; WPW, Wolff-Parkinson-White syndrome. 

2.2 Prevalence of SCD / SCA in athletes 
The precise frequency of SCA in athletes remains disputed, but there is general agreement that 
vigorous exercise is a trigger for SCA in athletes with underlying cardiac disease (Drezner, 
2009). The incidence of SCD in young competitive athletes (age 12-35 years) from Veneto 
region of Italy, was found to be 3.6/100,000 prior to implementation of national screening 
program (Corrado et al., 2006). In a comparative population study, the relative risk of SCD in 
young competitive athletes was found to be 2.8 times greater than age-matched non-athletes 
(Corrado et al., 2003). In general, athletes are perceived as healthier group of individuals 
compared to non-athletes; however the risk of SCD is higher in this group if they harbour a 
quiescent cardiovascular disorder. Fortunately these tragic events are rare. Sudden death 
occurs mostly during or soon after exercise, and has shown to affects males more commonly. 
The incidence of SCA in high school student athletes was found to be 4.4/100,000 in a 
survey of US high schools with AED (Drezner et al., 2009), and was reported as 3.75/100,000 
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for children and young adults (age 14-24 years) in a prospective, population-based study in 
US and Canada (Atkins et al., 2009). 

3. Role of pre-participation cardiovascular screening (PPS) 
A majority of cardiac conditions implicated in SCD may not cause any symptoms prior to 
cardiac arrest; therefore the only way to detect these abnormalities is by testing or screening 
healthy individuals. This makes the role of pre-participation cardiovascular screening (PPS) 
important in young healthy individuals particularly those participating in sporting 
activities. Identification of high risk individuals based purely on health questionnaire 
focusing on cardiovascular symptoms has a low yield. The addition of 12-lead ECG as a 
screening tool to identify young apparently healthy individuals at risk of sudden death 
increases the diagnostic yield of such screening programmes but increases the false positive 
rates. There is also considerable resistance to implementation of widespread cardiovascular 
screening of athletes due to low incidence of SCD in athletes and low prevalence rates of 
implicated cardiac disorders thus challenging cost effectiveness of such programmes. There 
is also an overlap between physiological adaptation to exercise and cardiac disorders which 
may result in false positive results causing unnecessary anxiety and the need for further 
evaluation and the potential for unfair disqualification from competitive sports. 
PPS is not mandatory in UK and most western countries. In USA and Italy, PPS 
programmes are in existence to minimise risk of SCD in athletes. The US screening protocol 
comprises of a health questionnaire about cardiac symptoms and family history, and 
physical examination. Italian screening model includes 12 lead ECG in addition to the health 
questionnaire and physical examination. A state-sponsored cardiac screening programme 
has been in place in Italy since 1970s. Recent experience from Veneto region of Italy has 
shown a significant reduction in SCD in athletes (Figure 2) from cardiomyopathies and heart 
rhythm disorders since the implementation of nationwide pre-participation screening 
programme (Corrado et al., 2006). 
 

 
Fig. 2. Annual incidence rates of SCD in screened competitive athletes and unscreened non-
athletes aged 12 to 35 years in Veneto region of Italy after introduction of nationwide PPS 
programme. (Adapted from Corrado et al., 2006) 
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4. The role of automated external defibrillators (AED) 
The majority of out-of-hospital cardiac arrests occur by the initial mechanism of ventricular 
fibrillation (VF) and in some occasions ventricular tachycardia (VT) with loss of cardiac 
output (pulseless VT); therefore community based portable defibrillators, since becoming 
first available in late 1960s, have emerged as one approach to this problem. As discussed 
previously, pre-participation cardiovascular screening (PPS) using ECG may not identify 
certain cardiac disorders e.g. premature coronary artery disease, anomalous coronary 
arteries and valvular heart disease, and certain acquired conditions are also implicated in 
SCD in athletes e.g. myocarditis, commotio cordis and electrolyte imbalance. Therefore it is 
important to have alternative strategy for secondary prevention of SCD. Automated external 
defibrillators (AED) have thus become an important part of overall management of victims 
of cardiac arrest particularly in public places and in sports and fitness centres. 

AEDs are sophisticated, reliable and computerised devices capable of delivering electric 
shocks to victims of cardiac arrest when ECG shows a shock-able rhythm (VF or pulseless 
VT). A key feature of AED is the simplicity of its operation; controls are kept to a minimum, 
and voice and visual prompts are used to guide rescuers. Modern AEDs are suitable to be 
used by both lay rescuers and healthcare professionals (Resuscitation Council UK, 2010). 
AEDs can be semi-automatic or fully automatic (example shown in Figure 3). All AEDs can 
determine victim’s ECG and determine the need for shock. A semi-automatic AED indicates 
the need for a shock which is then delivered by the operator. The automatic AED 
administers shock without the need for intervention by the operator. Some semi-automatic 
AEDs have the facility to enable the operator to override the device and deliver a shock 
manually (Perkins & Colquhoun, 2010). 
 

 
Fig. 3. Defibtech Lifeline Automated External Defibrillator. 

4.1 Time chain of survival 
The American Heart Association (AHA) emphasises the time-sensitive intervention for 
victims of SCA and has outlined four critical steps in a “Chain of Survival” to save lives in 
the event of cardiovascular emergency (Figure 4). The chain of survival includes a series of 
actions designed to reduce mortality associated with cardiac arrest. The important links in 
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this sequence include (1) early recognition of cardiorespiratory arrest, (2) early CPR, (3) 
early defibrillation when indicated, and (4) early advanced cardiac life support. 
 

 
Fig. 4. Important links in the “chain of survival”. 

The single greatest factor affecting survival from SCA is the time interval from cardiac arrest 
to defibrillation (Balady et al., 2002; Drezner et al., 2007). Survival rates from out-of-hospital 
cardiac arrests have improved since the introduction of public access AED programs which 
have allowed lay rescuers to deliver early defibrillation (Hallstrom et al., 2004). 
The ability to recognise cardiac arrest plays a key role in initiation of a successful chain of 
survival. This can be achieved by basic life support (BLS) training and general awareness 
amongst general population. A delay in recognition of cardiac arrest in a collapsed athlete or 
individual can lead to loss of crucial moments that may then translate into a poor outcome. 
Brief seizure like activity or involuntary myoclonic jerks have been reported in 
approximately 50% of young athletes with SCA, and thus SCA can be mistaken for a seizure 
(Drezner et al., 2006). Another challenge includes inaccurate assessment of pulse and 
respiration. Occasional or agonal gasping can occur in first minutes after SCA and is often 
misinterpreted. In athletes with SCA, on-going respiration and pulse was reported in 
approximately 50% cases (Drezner et al., 2006). Therefore careful and prompt assessment 
and recognition of SCA plays a crucial part in management of cardiac arrest in any situation 
but particularly in athletes. Early and effective CPR is the best treatment for cardiac arrest 
until the arrival of AED or advanced life support. It can prevent ventricular fibrillation from 
deteriorating to asystole, may increase the chance of successful defibrillation, contributes to 
preservation of heart and brain function, and significantly improves survival (AHA and 
International Liaison Committee on Resuscitation, 2000 as cited in Balady et al., 2002). 
Public access AEDs play an important role in chain of survival by reducing the time delay 
from cardiac arrest to delivery of shock. A survival rate of up to 90% has been reported in 
victims of VF cardiac arrest when defibrillation is achieved within first minute (Franklin et 
al., 1998 as cited in Balady et al., 2002). Survival rates decline 7-10% with every minute delay 
in defibrillation; beyond 12 minutes the survival may be as low as 2-5% (AHA, 2000 as cited 
in Balady et al., 2002). The importance of early defibrillation in “chain of survival” by using 
AED is further emphasised by evidence of high survival rates with use of public access 
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4. The role of automated external defibrillators (AED) 
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fibrillation (VF) and in some occasions ventricular tachycardia (VT) with loss of cardiac 
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Fig. 3. Defibtech Lifeline Automated External Defibrillator. 
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this sequence include (1) early recognition of cardiorespiratory arrest, (2) early CPR, (3) 
early defibrillation when indicated, and (4) early advanced cardiac life support. 
 

 
Fig. 4. Important links in the “chain of survival”. 
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AEDs in casinos (Valenzuale et al., 2000) and airplanes (Page et al., 2000) in USA, and in 
public places nationwide in Japan (Kitamura et al., 2010). 

4.2 Efficacy of AED in preventing SCD in athletes 
As mentioned previously sudden death of a young athlete is a tragic event and attracts 
media coverage. Pre-participations screening has shown to reduce incidence of SCD in 
athletes, but it is not widely mandated and certain cardiac conditions cannot be identified 
on routine ECG. Hence the need for alternative secondary prevention measures; AED plays 
an important role in preventing SCD in athletes. 
Resuscitation in nine intercollegiate athletes with SCA reported a survival rate of only 11% 
despite witnessed collapse and timely cardio-pulmonary resuscitation (CPR). This study 
showed a relatively low survival rate despite use of AED. Mean time to defibrillation was 
3.1 minutes (range 1 to 7.5 minutes). All arrests happened during or just after exercise. A 
detailed scrutiny in this series revealed a delay in response times in 44% of cases, and 5 
victims had hypertrophic cardiomyopathy (HCM) which may have influenced the low 
survival rate (Drezner & Rogers, 2006). 
Recent evidence from a cohort of 1710 US high schools with an on-site AED program 
showed an improved survival rate when early defibrillation in young athletes with SCA 
(Drezner et al., 2009). Letters were sent out to 18,974 schools; of these 2084 replied (11%); 
1710 schools had at least 1 AED on site. A survey relating to SCA was conducted in these 
1710 schools between January 2006 and July 2007. A total of 36 cases of SCA were reported. 
Of these 14 victims were high school student athletes with a mean age of 16 years; 22 were 
older non-students with mean age of 57 years. 35 (97%) cases were witnessed, 34 (94%) 
received bystander CPR, and 30 (83%) received an AED shock. Mean time from collapse-to-
CPR was 1.5 minutes; mean time from SCA-to-shock was 3.6 minutes. Overall 64% survival 
to hospital discharge was achieved, which made this study the first to suggest an apparent 
survival benefit from early defibrillation in young athletes with SCA. 
In this study a significant proportion of victims of SCA were non-students and represented 
an older age range. This group comprised of school staff and spectators. This highlights the 
importance of AED in managing SCA in general population in addition to athletes. As one 
would expect a large number of spectators at any major sporting event, the availability of 
public access AED can also improve survival from SCA in such non-athletic population. 
Hence AEDs should be made readily available at all sporting clubs and facilities. Likewise, 
AEDs should be present in public places where lay rescuers could use this device to deliver 
shock in cases of SCA. This is further elaborated in the following section. 
Sudden cardiac death may occur as a result of being struck with a blunt projectile object 
over the anterior left hemi-thorax. This phenomenon is referred to as Commotio Cordis 
(Latin word meaning ‘agitated heart’). Such blunt trauma can trigger VF or VT and lead to 
subsequent cardiac arrest. Unfortunately the general survival rate in commotio cordis is 
approximately 16%, and with early CPR rates of 25% have been seen. In animal models AED 
had 98% sensitivity for detecting VF and produced 100% termination of arrhythmia in swine 
struck with baseball. Based on swine model of commotio cordis, the practice of making AED 
available on-site may have an advantageous effect on outcome. 

4.3 Use of AED in public places by healthcare professionals and lay rescuers 
Historically the survival rates from out-of-hospital cardiac arrests using standard 
emergency medical services have been less than 5% in the USA. A majority of out-of-
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hospital cardiac arrests occur by the initial mechanism of ventricular fibrillation (VF) 
therefore it would seem reasonable that early public access to defibrillation would result in 
better survival rates. Since becoming first available in 1960s, AEDs have emerged as one 
approach towards the issue of out-of-hospital cardiac arrests. 
 

 
Fig. 5. Demonstration of AED use by lay rescuer. 

A high discharge survival rate after out-of-hospital VF with rapid defibrillation by police 
and paramedics was reported in retrospective observational study in 1990s (White et al., 
1996). It was noted that when shock resulted in return of spontaneous circulation (ROSC) 
without the need for advanced life support (ALS), 96% victims survived. Overall survival 
rate was 49% (41 out of 84 victims survived); 58% survival rate in police group with mean 
call-to-shock time of 5.6 minutes and 43% survival rate in paramedic group with mean call-
to-shock time of 6.3 minutes. The results of this study showed that early defibrillation not 
only increases survival from out-of-hospital VF cardiac arrests but increases the likelihood 
that initial shocks will result in ROSC with the need for costly time-consuming ALS care. 
Successful use of public access AEDs by lay rescuers with impressive survival rates has been 
reported in public places like planes, airports and casinos. These studies not only show that 
public use of AED is safe but also emphasises the need to encourage use of AED by lay 
rescuers. The survival rates were similar when AED was used by trained health 
professionals or by lay people. The single most important factor defining high survival rate 
was time interval between cardiac arrest to delivery of first shock. 
In 1997 a major US airline started equipping its planes with AEDs. From 1997 to 1999, AED 
was used on 200 occasions; ECGs from all these events were analysed for appropriateness of 
use; the results suggested that use of AED aboard commercial aircrafts is effective with good 
survival rate of 40% (Page et al., 2000). During this study AED was also used as a cardiac 
monitor in conscious patients; no complications or inappropriate shocks were observed in 
these cases. A 2 year prospective study at 3 Chicago airports showed 56% one year survival 
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hospital cardiac arrests occur by the initial mechanism of ventricular fibrillation (VF) 
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rate with effective use of AED by random bystanders (Caffrey et al., 2002). AED use by 
casino security guards also demonstrated good survival to discharge from hospital rates of 
53% (Valenzuela et al., 2000). In cases of witnessed arrest, mean collapse to shock time was 
4.4 minutes. A high survival rate of up to 74% was observed when AED shock was 
delivered in less than 3 minutes from collapse; 49% survival rate when collapse to shock 
time was more than 3 minutes. 
In a recent study involving over 12,000 victims of out-of-hospital VF cardiac arrest in Japan, 
nationwide dissemination of AED has shown to increase 1-month survival rates with 
minimal neurological impairment with early defibrillation by lay rescuers using public 
access AED (Kitamura et al., 2010). In cases where public access AED was used, 31.6% 
patients were alive at 1 month with minimal neurological impairment. Mean time to shock 
decreased with AED being more readily available. 

4.4 Emergency Response Planning (ERP) 
Emergency response planning (ERP) is required to ensure an efficient and structured 
response to SCA. It is recommended that every school, club and organisation sponsoring 
sporting activities should have an emergency response plan for SCA with written policies 
and procedures (Anderson et al., 2002). The core elements of an emergency response plan 
(ERP) for SCA include development of a written ERP for SCA, establishment of an efficient 
communication system, identification and training of likely responders in CPR and AED 
use, access to early defibrillation by on-site AED, registering AED with local emergency 
medical services, and annual review of the response plan (Drezner, 2007, 2009). The key 
elements of ERP are tabulated below. 
 

Key elements of emergency response planning (ERP) 

 Develop a written emergency response plan 

 Establish an effective and efficient communication system 

 Identify and train likely first responders in CPR and AED use 

 Access to early defibrillation through on-site AED 

 Practice and review EPR at least annually 

Table 1. Key elements of Emergency Response Planning (ERP). 

The first responder to a medical emergency may widely vary, and may include a coach, 
official, student, teammate, teacher, school nurse, lay bystander, or a health professional like 
team physiotherapist, sports medicine professional, trained ALS provider, paramedic or a 
doctor. All such potential rescuers should be familiar with ERP and should ideally be 
trained. Coaches and physiotherapists are more likely to be present near the sporting and 
training activities, therefore they receive training in CRR and use of AED. In high schools, 
coaches were found to be first responders to SCA in 34% of cases (Drezner et al., 2009). The 
personnel should particularly be trained to detect and identify SCA in a collapsed athlete. 
Seizure like activity and occasional agonal respirations have been reported in up to 50% 
athletes with SCA, therefore a high suspicion of SCA should be maintained in any collapsed 
individual or athlete (Drezner et al., 2006). 
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An efficient and easily accessible communication system is important to prevent critical delays 
in the chain of survival. All parts of school or athletic facility should be developed to enable 
effective communication for first responder so that an emergency medical service (EMS) can 
be activated, and on-site emergency response team alerted (Drezner, 2009). Public access 
AEDs should be located such that collapse-to-shock target of 3 to 5 minutes can be achieved 
(Drezner et al., 2007). A central location should be chosen with consideration given to most 
populated areas; multiple AEDs may be needed for large facilities. AED should be highly 
visible, easily accessible and preferably near a telephone to ensure efficient communication. 
The equipment should be maintained as per manufacturer recommendations. For large 
events like distance running, triathlons etc. the location of AED is important; use of bicycles 
or mobile rescue teams can be helpful (Drezner, 2009). 
An ERP should be reviewed at least annually with all potential first responders. Any 
modifications to the response plan based on drills should be documented. Finally, the ERP 
should be coordinated with local emergency medical services (EMS), including awareness of 
types and locations of AED. The latter may be useful for receiving information from EMS 
about AEDs if an unfamiliar person happens to be the first responder to SCA. 
 

 
Fig. 6. Emergency Response Planning (ERP). 

The European Society of Cardiology (ESC) and European Resuscitation Council (ERC) have 
been supporting various AED programmes as per ESC-ERC recommendations (Priori et al., 
2004). A recent study (Arena study) investigated the cardiovascular safety procedures of 
major sports arenas in Europe with special attention to the availability of AEDs (Borjesson et 
al., 2010). A total of 190 football clubs in 10 European countries were included in the study. 
AED was present in 72% of the venues and 64% clubs reported the existence of a written 
emergency response plan; only 65% clubs had basic CPR training programme with 
advanced CPR training programme practiced in only 26% of the clubs. A vast majority (97%) 
of the clubs had some form of communication system in existence. Furthermore the mean 
distance from sporting arena to hospital was 4.2km with mean time for transportation of 
≤5min achievable in 59% of clubs. Surprisingly, of the 79 clubs with >5min transportation 
time to hospital, 25% did not have AED on site. The study therefore highlighted the 
inadequacies in major European sporting clubs in relation to prevention of SCD; 28% of  
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clubs did not have an AED, 36% did not have a written ERP, 41% clubs had transportation 
time of over 5min and 25% of these clubs did not have an AED. 
Major sporting events attract thousands of spectators including adult and senior individuals 
with risk factors for cardiac events; these spectators are exposed to intense emotions, and 
such circumstances have been demonstrated to trigger cardiac events (Chi, 2004 and 
Wilbert-Lampen, 2008 as cited in Borjesson et al., 2010). During the Arena study, a total of 
39.4 million spectators were estimated for 190 clubs. A total 77 sudden cardiac arrests were 
reported in one season, making estimated adjusted incidence of SCA to be 1 in 589,000 
spectators. No cardiac arrests occurred in football players or officials. Therefore the 
availability of AED as a part of ERP in sporting arenas is crucial for minimising the risk of 
SCD in both players and members of general public. Efforts are therefore required to further 
promote AED programmes across Europe and enable sporting venues to implement 
efficient emergency response planning. 

4.5 Recommendations regarding AED use and emergency response planning 

There is need for comprehensive emergency planning to ensure an efficient response to SCS 
in schools, sports clubs and arenas, and public places in general. In US several national 
recommendations have emerged over time with regards to use of AED and developing an 
emergency response plan. In 2002 National Athletic Trainers’ Association released a position 
statement recommending any organisation or institution sponsoring athletic activities to 
develop and implement a written emergency plan for SCA including acquisition of 
necessary equipment and training of involved personnel in CPR and AED use (Anderson et 
al., 2002, as cited in Drezner et al., 2009). The American Heart Association (AHA) issued 
consensus recommendations in 2004 for Medical Emergency Response Plan in schools, 
emphasising that an AED programme should be in place in every school that cannot reliably 
achieve call-to-shock time of less than 5 minutes using emergency medical services 
(Hazinski et al, 2004, as cited in Drezner et al., 2009). American College of Cardiology (ACC) 
36th Bethesda Conference suggested that every school providing sports activities should 
have access to defibrillation within 5 minutes of collapse (Myenburg et al., 2005). In 2007, an 
inter-association task force strongly recommended access to AEDs with a target collapse-to-
shock time of less than 3 to 5 minutes, in a consensus recommendation for emergency 
preparedness for SCA in high school and college athletic programs (Drezner et al., 2007). 
In 2004 the European Society of Cardiology (ESC) and European Resuscitation Council 
(ERC) joined forces to develop European recommendations for legislation on defibrillation, 
for training in AED use and for the development of AED community programmes (Priory et 
al., 2004). Priorities and needs for the prevention of SCD were identified; it was 
recommended that AED programmes should stem from emergency medical services and 
hospitals and then progressively move to community programmes; common standards for 
defibrillation should be set for European countries; legislation regarding public use of AED 
to be introduced; training requirements for CPR and AED use should be defined for 
individuals participating in public access AED programmes; the need for systematic data 
collection and analysis to enable sharing information between various programmes to 
facilitate research and development; the ESC and ERC should support AED programmes by 
promoting education in the community. The panel advocated support from ESC and ERC to 
involve Ministers of Health and the European Parliament in the promotion of a “European 
Cardiac Arrest Survival Directive”. 
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5. Conclusion 
Sudden cardiac death is often the first presentation in an athlete harbouring a potentially 
sinister cardiac disorder. Prompt identification and disqualification by trained coach or 
physician can reduce fatality rate significantly. In the current financial climate where 
resources for pre-participation screening are limited in most countries, consideration should 
be given to implementation of an on-site AED programme with an adequate emergency 
response plan. Automated external defibrillators improve survival from sudden cardiac 
arrest in young athletes and also when used by ley persons and healthcare professionals in 
public places. The availability of AEDs during competitive sporting events also provides the 
potential for life-saving support to spectators and other bystanders. 
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1. Introduction 
Implantable cardioverter-defibrillator is largely used as an effective treatment for potentially 
lethal arrhythmias in adult population. On the contrary, just 1% of devices are implanted in 
pediatric population worldwide. In our series, 4% of defibrillators implanted between 2000 
and 2010 were in children under 18 years of age.  
During the last two decades, prevention and treatment decisions in pediatric population 
have been commonly made on adult data, including device therapy recommendations. 
Indeed, most pediatric data comes from single-center series and case reports, with no 
specific clinical trials focused on this population.  
The incidence of pediatric sudden cardiac death is estimated at 1.3-8.5:100.000 patients-years 
(William et al., 1998). Survival of out-hospital cardiac arrest is as low as 8-9% and 
neurological sequels remain high (Driscoll et al., 1985). Sudden cardiac death in childhood 
and adolescence is associated with three main cardiovascular conditions: congenital heart 
diseases, cardiomyopathies, and genetic arrhythmia syndromes. In this setting, implantable 
defibrillator has become an effective antiarrhythmic therapy in a large variety of structural 
cardiovascular abnormalities and primary electrical diseases.  
Device implantation in children is challenging because of peculiar patient characteristics 
as age, weight, vascular access and potential somatic growth. Therefore, procedural 
approach and site of implantation, therapeutic algorithms and early and long-term 
complications differ from adults. Transvenous approaches could be difficult because of 
small venous system (Radbill et al., 2010). Abdominal implantation of generator and 
epicardial leads are frequently needed. Early physical activity and impaired sterile 
conditions added to individual characteristic are related to more frequent procedural 
complications (Shah, 2009).  
Device dysfunction, i.e. inappropriate therapies may appear frequently, between 11% and 
50% of cases, in the settings of sinusal and supraventricular tachycardia or T wave 
oversensing (Korte et al., 2004). Several algorithms have been used to reduce 
inappropriate discharges, as QRS discrimination or cardiac rate stability (Barry et al., 
2001). Lead complications are related to high physical activity and body surface, 
significantly higher in patients with body area under 1.2 m2 (OR 4.5) (Shah, 2009).  
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Psychological impact of defibrillator implantation and discharges during follow up may 
lead into more frequent depression and anxiety symptoms than in adult patients (Sears et 
al., 2011). Screening of inherited arrhythmic conditions in relatives of children carrying a 
defibrillator may be useful to detect potential risk in these relatives. Tomaske et al., 2011, 
reported 22% appropriate shocks in defibrillators implanted for primary prevention in this 
population. 

2. Sudden cardiac death in children 
Sudden cardiac death is defined as an abrupt, unexpected death occurring within 1 hour 
from the onset of cardiovascular symptoms. In young people, it typically occurs within a 
few minutes of symptoms onset. Aborted cardiac arrest includes cardiac resuscitation 
restoring spontaneous circulation. Excluding the Sudden Infant Death Syndrome, that 
affects children under 1 year, with an incidence around 1–1.5/1.000 infants, sudden death in 
a young person is a rare event (Gajewski et al., 2010). The estimated incidence of pediatric 
sudden cardiac death ranges from 1.3 to 8.5 per 100,000 children in the United States 
(Driscoll et al., 1985) (William et al., 1998). Approximately 20–25% of the deaths occur 
during sports (Liberthson et al., 1996). In patients with congenital heart disease, this rate 
increases to 100 deaths per 100,000 patients (O’Connor et al., 1998). Early cardiopulmonary 
resuscitation and extended availability of automatic external defibrillators could prevent 
about a quarter of pediatric sudden deaths (Gajewski and Saul, 2010). Since most sudden 
deaths have a cardiovascular cause, it is theoretically possible to identify patients at risk 
prior to the event and prevent it (Haskell et al., 2010).  
 

Causes of sudden cardiac death Relative incidence 
(%)

Hypertrophic cardiomyopathy 36

Increased cardiac mass 10

Coronary arteries anomalies 24

Marfan's Syndrome 6

Congenital heart disease 5

Myocarditis 3

Dilated cardiomyopathy 3

Arrhythmogenic right ventricular 
dysplasia 

3

Ischemic heart disease 2

Commotio cordis <1

Table 1. Causes of sudden cardiac death in children. Taken from Maron et al. JAMA. 1996. 

 
Implantable-Cardioverter Defibrillator in Pediatric Population 

 

149 

Most young people with sudden cardiac death have an underlying heart condition, with 
hypertrophic cardiomyopathy, coronary artery anomalies, arrhythmogenic right ventricular 
dysplasia and long QT syndrome being commonest in most series (Silka et al., 1991, Maron 
et al. 1996a).  
Hypertrophic cardiomyopathy is the most common cause of sudden unexpected death in 
childhood, significantly higher in the 8- to 16-year age range than in the 17- to 30-year 
(Maron et al., 1996a). Disease prevalence is as high as 1 per 500 in young adults (Maron et 
al., 1996b), (Corrado et al., 1998). Carriers of a genetic mutation may have little or no 
hypertrophy, especially earlier in life. Sudden death is often exertional and secondary to 
malignant ventricular arrhythmias. Lipophilic betablocker, disopiramid and implantable 
cardioverter-defibrillator have demonstrated to increase survival in this population.  
Arrhythmia in children with dilated cardiomyopathy is one major clinical manifestation of 
the disease. The occurrence of arrhythmia is associated with the left ventricular size and 
heart function and includes ventricular ectopy (Han et al., 2011). An underlying myocarditis 
is found in 2-15% of patients, rising to 45% in a series of patients under 2 years, with other 
25% affected by endomyocardial fibrosis (Meune et al. 2006). Other conditions as infectious, 
metabolic and neurological diseases have been described as causes of dilated 
cardiomyopathy. 20-25% of cases are inherited. Dilated cardiomyopathy is progressive, 
often clinically silent in childhood, and sudden cardiac death may occur prior to 
development of heart failure symptoms.  
Left ventricular hypertrabeculation/noncompaction is a genetic myocardiopathy affecting 
line-Z skeletal and cardiac contractile proteins. In children, it is found in 0,01% of 
echocardiographic explorations, meaning 10% of pediatrical cardiomyopathies (Pignatelli et 
al., 2003). In pediatric population, diagnosis is usually made within first three months of life. 
Sustained or non-sustained ventricular tachycardia is seen in 40% of patients, and in 14% of 
patients QT interval is prolonged. Ventricular fibrillation is more frequent in children than 
in adults (Stöllberger et al., 2010). Almost 20% of patients with ventricular tachycardia or 
fibrillation have a normal systolic function. Data about long-term follow-up of patients with 
implanted cardioverter-defibrillator is necessary since indication for prophylactic 
implantation is still unclear.  
The incidence of sudden death in patients with congenital heart disease is about 100/100,000 
patient-years (O’Connor et al., 1998). It is higher in cyanotic and left heart obstructive 
lesions, may be due to arrhythmic, embolic or circulatory phenomena. Certain congenital 
defects have a higher risk of acquired arrhythmias following repair. The risk of sudden 
death appears to increase with age and time from surgery. Specifically, tetralogy of Fallot is 
associated with high incidence of ventricular tachycardia and 0.5% to 6% risk of sudden 
cardiac death (Gajewski et al., 2010). Patients with both single-ventricle physiology status-
post Fontan, and transposition of the great arteries status-post atrial switch also have high 
acquired arrhythmia rates with increased incidence of sudden cardiac death. These two 
congenital cardiac conditions may lead to the implantation of a cardioverter-defibrillator as 
a primary prevention strategy. 
Arrhythmogenic right ventricular dysplasia is a rare cause of sudden cardiac death in the 
United States, but is reported as the most common cause of sudden cardiac death in the 
young athletes in Italy (Maron et al., 2009), (Corrado et al., 2009). It is a heritable, 
progressive cardiomyopathy characterized by fatty and fibrous replacement of the 
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acquired arrhythmia rates with increased incidence of sudden cardiac death. These two 
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myocardium, causing thinning of right ventricular free wall. Although both drug therapy 
and catheter ablation are occasionally successful, implantation of a defibrillator is usually 
recommended for patients with significant symptoms. 
A variety of conditions can cause primary arrhythmia in young people: Long QT Syndrome, 
Brugada Syndrome, Catecholaminergic Polymorphic Ventricular Tachycardia, Wolff-
Parkinson-White Syndrome, and Congenital Complete Heart Block. Although there are 
cases in which sudden cardiac death is the first symptom, recurrent syncope often precedes 
malignant events (Proclemer et al., 2009). Fortunately, the surface 12-lead ECG is abnormal 
in most cases.  
The congenital form of Long QT syndrome is a familial genetic disorder occurring about 1 in 
2.500–3.500 individuals (Vincent et al., 1992). It manifests primarily as ventricular 
repolarization abnormalities caused by cardiac ion-channel mutations. For symptomatic 
patients, the presenting symptom is usually syncope, due to torsade-de-pointes ventricular 
tachycardia. The syncope may occur with specific triggers, such as stress, swimming, and 
loud auditory stimuli, or it may occur when the child is relatively bradycardic, at resting or 
sleeping (Schwartz et al., 2001). The specific phenotype (LQTS1, LQTS2 and LQTS3) can be 
predicted from the genetic mutation and may help in the assessment of risk for sudden 
death or response to therapy (Tester et al., 2005). Main therapy remains beta-blockade, 
which is less effective for LQTS3. If symptoms recur under beta-blocker therapy, 
implantation of a cardioverter-defibrillator is generally indicated. 
Brugada syndrome is an inherited arrhythmogenic syndrome related to life-threatening 
ventricular arrhythmia due to a mutation in genes encoding sodium-channels (Miyamoto et 
al., 2011). Family sudden death history does not predict higher ventricular arrhythmia 
susceptibility (Delise et al., 2010). Treatment is limited to ICD implantation when symptoms 
like syncope occur. 
Catecholaminergic polymorphic ventricular tachycardia is a genetic arrhythmogenic disease 
caused by mutations in genes encoding sarcoplasmic calcium ion-channels (Tester et al., 
2006). Ventricular ectopy induced by exercise or emotional stress is typically observed. The 
onset of symptoms typically occurs in childhood and adolescence. Left untreated, 
Catecholaminergic Polymorphic Ventricular Tachycardia is lethal in 30–50% of patients 
(Leenhardt et al., 1995). Although beta-blockers are the recommended therapy, many 
patients present with recurrent arrhythmic symptoms and may need a defibrillator. 

3. Cardioverter-defibrillator in pediatric population 
3.1 Indications 
For the last decade, use of implantable cardioverter-defibrillator in children has increased 
dramatically. The number of pediatric implants per year has augmented by three-fold. The 
mean age at implant has decreased significantly (from 13.6 to 12.2 years), and the percentage 
of patients younger than 5 years of age receiving an implantable defibrillator tended to 
increase up to 10% (Burns et al., 2011). A large variability in the number of implants per 
center and year is observed and this situation may have implications for competency and 
training.  
Specific pediatric recommendations have been included in the ACC/AHA/HRS 2008 
Guidelines for Device-Based Therapy of Cardiac Rhythm Abnormalities (Ebstein et al., 
2008): 
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Class I  ICD implantation is indicated in the survivor of cardiac arrest after 
evaluation to define the cause of the event and to exclude any 
reversible causes. Level of Evidence : B 

 ICD implantation is indicated for patients with symptomatic sustained 
VT in association with congenital heart disease who have undergone 
hemodynamic and electrophysiological evaluation. Catheter ablation 
or surgical repair may offer possible alternatives in carefully selected 
patients. Level of Evidence : C 

Class IIa  ICD implantation is reasonable for patients with congenital heart 
disease with recurrent syncope of undetermined origin in the presence 
of either ventricular dysfunction or inducible ventricular arrhythmias 
at electrophysiological study. Level of Evidence : B 

Class IIb  ICD implantation may be considered for patients with recurrent 
syncope associated with complex congenital heart disease and 
advanced systemic ventricular dysfunction when invasive and 
noninvasive investigations have failed to define a cause. Level of 
Evidence : C  

Class III  ICD therapy is not indicated for patients who do not have a 
reasonable expectation of survival with an acceptable functional status 
for at least 1 year, even if they meet criteria specified in the Class I, IIa, 
and IIb recommendations above. Level of Evidence : C. 

 ICD therapy is not indicated for patients with incessant VT or VF. 
Level of Evidence : C 

 ICD therapy is not indicated in patients with significant psychiatric 
illnesses that may be aggravated by device implantation or that may 
preclude systematic follow-up. Level of Evidence : C 

 ICD therapy is not indicated for NYHA Class IV patients with drug-
refractory congestive heart failure who are not candidates for cardiac 
transplantation or CRT-D. Level of Evidence : C 

 ICD therapy is not indicated for syncope of undetermined cause in a 
patient without inducible ventricular tachyarrhythmias and without 
structural heart disease. Level of Evidence : C 

 ICD therapy is not indicated when VF or VT is amenable to surgical or 
catheter ablation (e.g., atrial arrhythmias associated with the Wolff-
Parkinson-White syndrome, RV or LV outflow tract VT, idiopathic VT, 
or fascicular VT in the absence of structural heart disease). Level of 
Evidence : C 

 ICD therapy is not indicated for patients with ventricular 
tachyarrhythmias due to a completely reversible disorder in the 
absence of structural heart disease (e.g., electrolyte imbalance, drugs, 
or trauma). Level of Evidence : B 

Table 2. 

Indications for implantation of cardioverter-defibrillator in children over last two decades 
are based on clinical trials designed and performed for adult population. Indications are 
shifting from secondary to primary prevention. In fact, secondary prevention implants 
decreased significantly when compared to primary prevention from 77% to 45% (Burns et al., 
2011). In the Spanish Registry of Cardioverter-Defibrillator implantation, prophylactic 
implantation increased from 2006 to 2008 for Arrhythmogenic Right Ventricular Dysplasia 
and Brugada syndrome, with no increase for Long QT syndrome and hypertrophic  
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cardiomyopathy (Peinado et al., 2008). Primary prevention of sudden cardiac death remains 
a challenge in which individualized decisions play a mayor role. The low use of 
cardioverter-defibrillator in pediatric population difficult the assessment of cardioverter-
defibrillator survival benefit and long term results.  
In 1991, Silka et al. reported a series of 177 patients under 20 years in which a implantable 
cardioverter-defibrillator was indicated. 75% patients were survivors of sudden cardiac 
death, 10% had drug-refractory ventricular tachycardia and 10% syncope with positive 
electrophysiology study for arrythmia-inducibility. Almost 60% had an overt cardiovascular 
disease, whereas 26% had primary electrical condition and 18% congenital cardiopathy. 
Hypertrophic and dilated cardiomyopathies, transposition of great arteries and tetralogy of 
Fallot were commonest structural cardiac diseases. Systolic function was normal in 54% 
patients, and 48% had some degree of systolic function impairment. Von Berger et al., 2010 
reported an updated registry of 210 cardioverter-defibrillators implanted in patients under 
30 years-old in seven institutions between October 1992 and January 2007. Heart disease 
was categorized as electrical (n=90, 42%), cardiomyopathic (n=62, 30%), or congenital heart 
disease (n=58, 28%). 
In the Dutch Registry from 1995 to 2006 (Heersche, 2010), 45 cardioverter-defibrillator were 
implanted in children and young patients. According to indication, sudden death and 
ventricular tachycardia patients were similar to the American registry, with a higher rate of 
electrical conditions (55%) and prophylactic indication (17%). In the electrical disease group, 
56% had Long QT syndrome, 25% Idiopathic Ventricular Fibrillation and 19% Brugada 
Syndrome. Ten Harkell et al., 2006, reported another series of 23 Dutch pediatric defibrillator 
patients. 22% defibrillators were epicardial and 88% transvenous. The generator was placed in 
an abdominal position in 35% patients, whereas it was placed in the subpectoral region in 65%. 
There was no early mortality. Median hospital stay was 5 days.  
In our series, 11 cardioverter-defibrillators were implanted between 1995 and 2010 in 
patients under 18 years, 4% of all implanted defibrillators. 80% defibrillators were 
implanted for secondary prevention (Ventricular Fibrillation 60%, Ventricular Tachycardia 
20%) and 20% were implanted for primary prevention. Cardiac conditions were 40% Long 
QT Syndrome, 20% congenital cardiopathies, 10% hypertrophic cardiomyopathy, 10% 
hypertrabeculation/ Noncompactation cardiomyopathy and 20% had no overt structural 
heart disease. By age, long QT Syndrome was more frequent between younger patients, 
whereas transposition of Great Arteries was the commonest underlying cardiopathy in 15-18 
years-age group. 50% were single chamber devices and 50% dual chambers.  
 

 
Fig. 1. Comparison of three series of cardioverter-defibrillator implantation according to 
clinical presentation. Silka et al., 1991. Heersche et al., 2011. Granada, our series. 
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Fig. 2. Comparison of implantable cardioverter-defibrillation cardiac conditions in largest 
series. USA: Von Berger et al., 2010. Netherlands: Heersche et al., 2010. Granada, our 
series. 

The Italian Registry included pediatric defibrillator use in inherited arrhythmogenic 
diseases from 2001 to 2006 (Proclemer et el., 2009). For primary prevention, 30% defibrilators 
were implanted in Hypertrophic Cardiomyopathy, 16% in Arrhythmogenic Right 
Ventricular Dysplasia, 17% in idiopathic ventricular arrhythmia (they included Brugada 
Syndrome in this group) and 16% in the Long QT Syndrome. There were 52% single-
chamber, 44% dual-chamber, and 5% triple-chamber cardioverter-defibrillators. 
In terms of defibrillation energy required in pediatric patients, available data includes only 
external resuscitation devices. The recommended energy dose had been established in 2 
J/kg for the last 30 years, but recent reports may indicate that higher dosages may be more 
effective and safe. In 2005, the European Resuscitation Council recommended 4 J/kg as 
initial dose, without escalation for subsequent shocks (Haskell et al., 2010 & Sandroni et al., 
2011). 

3.2 Implantation techniques 
Despite the increasing use of implantable cardioverter-defibrillator in congenital heart 
patients, specific challenges and implications related to implantation and follow-up are 
continuously observed. The variability and complexity of congenital pediatric patients make 
device management a highly individualized art. There are technical issues related to 
implantation since vascular access and device characteristic may not be suitable for pediatric 
patient (Chun et al., 2008). Although advances in implantable cardioverter-defibrillator 
technology are constantly made, the optimal cardioverter-defibrillator implantation 
technique for pediatric patients has not been established yet. The implantation of 
cardioverter-defibrillator in pediatric patients has many peculiarities, and there is little 
information on implant methodology for this population. A statement on training pathways 
for implantation of cardioverter-defibrillators and cardiac resynchronization therapy 
devices in pediatric and congenital heart patients was published in 2008 (Saul et al., 2008).  
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Transvenous implantation in children presents multiple challenges, related to patient body 
surface and weight, physical activity, increased risk of infections, and long life expectancy. 
There are no specific electrodes for small vessel diameters, with the consequent risk of 
venous thrombosis, nor devices adapted to their body surface. The creation of an atrial loop 
might allow the ''elongation'' of the lead with the growth. Concerns have been raised about 
Long-term leads patency, ventricular and valvular dysfunction, venous integrity, cosmetic 
results and psychological factors. System survival rates are estimated at 91% for the first 
year from implant, 83% at 24 months and 76% at 36 months (Rabdill et al., 2010). 
 

  
Fig. 1. and 2. Frontal and lateral Rx of a dual-chamber cardioverter-defibrillator in a 10 
years-old patient with Brugada Syndrome. 

Nontransvenous implantable cardioverter-defibrillator systems include pericardial and 
subcutaneous coils as alternative approaches in selected pediatric and congenital heart 
patients who are not candidates for transvenous leads. These nontransvenous systems are 
more commonly used in younger patients, with smaller body surface area, intracardiac 
shunts and concurrent thoracotomy surgery or affection of thricuspid valve.  
Intrapericardial placement of an ICD coil system can be carried out through a subxiphoid 
approach and pericardial window without thoracotomy (Tomaske et al., 2008 & Bové et al., 
2010). This technique is independent from child size or cardiac status. The defibrillation coil 
lead is actively fixated in the transverse sinus under fluoroscopic guidance, and the 
generator placed in a subrectus pocket in the upper abdomen through the same incision. 
Epicardial system is effective in treating ventricular arrhythmia without inappropriate 
discharges and no perioperative complications nor early or late deaths have been reported 
(Hsia et al., 2009). Controversy remains about defibrillation thresholds, since Stephenson et 
al., described high defibrillation thresholds with epicardial leads (Stephenson et al., 2006) 
More recently, Silvetti reported, for a 20-months follow-up, impedance stability and 
acceptable defibrillation thresholds (5-15J) (Silvetti et al., 2007). 
Endocardial and epicardial steroid-eluting leads have comparable electrical performances, 
especially in absence of other congenital heart defects and previous heart surgery, although 
endocardial pacing shows the best outcomes and should be the first choice in children over 
10-15 kg (Chun et al., 2008). System survival is significantly shorter in nontransvenous than 
in transvenous systems at 12, 24, and 36 months (survival rates at 73%, 55%, and 49%, 
respectively) (Rabdill et al., 2010). In fact, nontransvenous systems have demonstrated to be 
an independent predictor of system failure.  
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Fig. 3. Dual-chamber epicardial leads cardioverter-defibrillator in a male 6 years-old patient 
with Tetralogy of Fallot.  

 
Fig. 4. Single-chamber epicardial cardioverter-defibrillator in a 2 years-old female child with 
Long QT Syndrome. See abdominal generator implantation, transverse sinus defibrillation 
coil and epicardial sense and pacing leads.  

One increasing option is totally extracardiac implantation. A subcutaneous implantable 
defibrillator does not require a lead placed on or in the heart (McLeod et al., 2010). It may 
become an option for children suffering from chronic complications related to transvenous 
or epicardial leads and inappropriate shocks. High defibrillation thresholds at implant and 
follow-up are seen (Stephenson et al., 2006). Changing device position from abdominal to a 
supradiaphragmatic site may solve unsafe elevated discharge impedance and defibrillation 
threshold during follow-up (Berruezo et al., 2010). The best device configuration reported by 
Bardy et al., 2010, consisted of a parasternal electrode and a left lateral thoracic pulse 
generator. This configuration results as effective as a transvenous ICD for terminating 
induced ventricular fibrillation, albeit with a significantly higher mean energy requirement 
(35J vs. 11J). 100% ventricular fibrillation detection and 98% cardioversion effectiveness in 
two consecutive tests confirms its good performance. 100% appropriate shocks have been 
reported for treating ventricular tachycardia during 10-months follow-up. A low rate of 
adverse events confirms its safety.  
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Fig. 3. Dual-chamber epicardial leads cardioverter-defibrillator in a male 6 years-old patient 
with Tetralogy of Fallot.  

 
Fig. 4. Single-chamber epicardial cardioverter-defibrillator in a 2 years-old female child with 
Long QT Syndrome. See abdominal generator implantation, transverse sinus defibrillation 
coil and epicardial sense and pacing leads.  

One increasing option is totally extracardiac implantation. A subcutaneous implantable 
defibrillator does not require a lead placed on or in the heart (McLeod et al., 2010). It may 
become an option for children suffering from chronic complications related to transvenous 
or epicardial leads and inappropriate shocks. High defibrillation thresholds at implant and 
follow-up are seen (Stephenson et al., 2006). Changing device position from abdominal to a 
supradiaphragmatic site may solve unsafe elevated discharge impedance and defibrillation 
threshold during follow-up (Berruezo et al., 2010). The best device configuration reported by 
Bardy et al., 2010, consisted of a parasternal electrode and a left lateral thoracic pulse 
generator. This configuration results as effective as a transvenous ICD for terminating 
induced ventricular fibrillation, albeit with a significantly higher mean energy requirement 
(35J vs. 11J). 100% ventricular fibrillation detection and 98% cardioversion effectiveness in 
two consecutive tests confirms its good performance. 100% appropriate shocks have been 
reported for treating ventricular tachycardia during 10-months follow-up. A low rate of 
adverse events confirms its safety.  
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The wearable cardiac defibrillator is an alternative for patients at risk for sudden death who 
do not fulfill standard criteria for defibrillator implantation or in whom the risk:benefit ratio 
is equivocal (Everitt et al., 2010). Careful patient selection and education result essential to 
ensure safety, as noncompliance with wear is common.  

3.3 Procedural complications 
Implantation procedure complications appear between 14% and 26% (Alexander et al., 
2004), (Shah et al., 2009) (Stefanelli et al., 2004). These include pocket infections, pocket 
hematoma, microdislodgement requiring lead manipulation and electromechanical 
dissociation. Early electrode dislocation may need reintervention. In young patients, 
transvenous leads of implantable defibrillator can cause vascular obstruction up to 13%, 
mainly asymptomatic (Bar-Cohen et al., 2006). Local infection increasing rate may be due to 
early activity resume and impaired sterile conditions of wound (Link et al., 1999). Most 
pocket infections are related to local contamination at the time of implantation. Cardiac 
perforation (Morrison et al., 2009), hemothorax or superior Vena Cava syndrome have been 
described as implantation early and late complications (Alexander et al., 2010). 
Postpericardiotomy syndrome is described related to epicardial leads (Stefanelli et al., 2002). 
No pediatric death has been reported related to implantation procedure. 

4. Long-term follow up 
4.1 Therapy history 
Pediatric defibrillator recipients have significant appropriate shock rates. Antitachycardia 
pacing therapy is rarely effective and often harmful in young ICD recipients, because this 
therapy is effective in monomorphic ventricular tachycardia, a rare arrhythmia among  
 

 
Fig. 5. Appropriate shock delivery for ventricular fibrillation in an 11-years-old female child 
with hypertrophic cardiomyopathy. See instability in the cycle length of the sensed 
ventricular electrograms. 
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children. In most patients, programming ICD for only VF therapy is sufficient. A significant 
increased rate of appropriate discharges was found in defibrillator devices placed for 
secondary prevention (52%) versus primary prevention (14%) at 5 years (Von Berger et al., 
2011). Therefore, the benefits of an implantable cardioverter-defibrillator remain greater in 
secondary than in primary prevention patients. In patients with nontransvenous systems, 
up to 23% receive appropriate shocks (Rabdill et al., 2010). In the Dutch registry, rate of 
appropriate shocks were reported at 31%, with a significant difference according to patient 
age (55% for patients under 12 years, 9% for patients between 13 and 18 years old). No 
difference has been reported in secondary prevention related to age, with rates of 
approximately 38% appropriate shocks for both groups (Heersche et al., 2010). In a registry 
of Long QT syndrome from 2002 to 2009, at least 1 appropriate shock was received by 28% 
of patients during 4 years mean follow-up. 

4.2 Device-related complications 
Inappropriate discharges, lead-related complications and generator anomalies are the 
commonest adverse events occurring during follow-up. Lead complications are related to 
high physical activity and body surface, significantly higher in patients with body area 
under 1.2 m2 (OR 4.5) (Shah, 2009). Lewandoski et al., 2010 reported 21% complications 
requiring surgical intervention. In our series, we describe 20% of inappropriate discharges, 
20% lead complications and 10% generator anomalies. In the Long-QT-syndrome registry 
from 2002 to 2009, adverse events occurred in 25% (Schwartz et al., 2009). Serious 
psychological sequel may reach 43%of patients (Lewandowski et al., 2010).  

4.2.1 Inappropriate therapy 
Inappropriate discharges are frequent, some of them caused by suboptimal pre-discharge 
programming of the device (Lewandowski et al., 2010). Reported rates vary sharply in infant 
series, from 11% to 50% (Botsch et al., 2007), being better defined in adult series (20-30%). 
Inappropriate shocks occur in the setting of sinusal and supraventricular tachycardia, QRS 
double-sensing or T-wave oversensing (Korte et al., 2004). Lewandoski et el., 2010 reported 
inappropriate therapy resulting from T-wave over-sensing in 14%, sinus tachycardia in 5%, 
fast atrial fibrillation in 8%, and lead insulation disruption in 1%. Several algorithms have 
been used to reduce inappropriate discharges, as QRS discrimination or cardiac rate stability 
(Barry et al., 2001). In a multicentric series of 210 young defibrillator recipients from seven 
institutions, no differences were found in the risk of inappropriate discharges between 
primary and secondary prevention defibrillators, both rates estimated at approximately 35% 
within 5 years from implant (Berul et al., 2008). In the Dutch registry, 27% shocks deliveries 
were inappropriate. In patients with nontransvenous systems, up to 18% receive 
inappropriate shocks (Rabdill et al., 2010). Congenital patients have higher risk of 
inappropriate discharges (Williams et al., 1998). A higher rate of inappropriate shocks has 
been reported in the setting of lead failure than in other conditions causing inappropriate 
therapies. 

4.2.2 Lead and generator specific complications 
As a general rule, less leads implanted in children, less complication will occur in the 
future, and the simplest system (generally, single-chamber), the better outcome (Silvetti et 
al., 2009).  
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children. In most patients, programming ICD for only VF therapy is sufficient. A significant 
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future, and the simplest system (generally, single-chamber), the better outcome (Silvetti et 
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The second most frequent ICD system-related adverse effect in the pediatric population is 
ICD lead failure. Lead failures requiring programming or revision interventions have been 
reported in the range of 7–30% at median follow-up of 2 years in the pediatric literature 
(Stefanelli et al., 2002 & Berul et al, 2008).  
 

 
Fig. 6. Inappropriate shock during sinus tachycardia. See the progressive increase of heart 
rate, stability of cycles length and no further effect of defibrillation discharge. 

In the Netherlands Registry, overall complications occurred in 17% patients, 87% related to 
lead failure (Heersche et al., 2010). Rate of total unanticipated interventions in the 
nontransvenous group is estimated at 18 per 1.000 person-months versus 6 per 1,000 person-
months in the transvenous group (Rabdill et al., 2010). Survival rates for defibrillator leads 
in children are reported in 89.6% at 5-year, when implantation is made by an expertise 
operator. Lead failures as lead fraction and insulation failure (Bennett & Tung, 2010) occur 
mostly within the second year of implantation (Lewandowski et al., 2010). An increase in 
size was associated with higher risk for lead failure as the proximal shocking electrode ends 
to become stretched and distorted, leading to lead failure. 
Given the finite longevity of current lead designs, lead extraction is an eventuality for a 
significant subset of pediatric defibrillator patients. Generator elective replacement is the 
most frequent indication for generator change in the majority of pediatric series. 
Longevity is estimated at more than 9 years for a single-chamber defibrillator without 
permanent pacing, 7 years for a dual-chamber defibrillator pacing 50% of time and 6 years 
for a resynchronization-defibrillator (Bonney et al., 2010), in clinical practice the predicted 
generator survival is hardly accomplished. 
Apart from lead durability, main indications for removal are vascular obstruction (that 
requires simultaneous revascularization), increased thresholds, and lead dislocations 
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(Welisch et al., 2010). Other complications affecting generator are prolonged charge time, 
early battery depletion, and malfunction during implant testing. 
In Dutch series of Harkell et al., 2006, generator replacement was necessary in 18% of 
patients between 28 and 54 months from implantation. Procedural complications rates are 
low, according to a review of 203 lead extractions carried out between 2002 and 2008 
(Cecchin et al., 2010). No procedure deaths were seen in this series, although removal of 
non-functional leads bears the risk of vascular disrupture and embolizations. Of this 
series, 60% of patients had structural heart disease and successful simple extraction was 
only achievable in 29% of patients (requiring just a nonlocking stylet). Complex extraction 
techniques include radiofrequency-powered sheath (Zartner et al., 2010). Successful 
extraction was performed in 80% of all leads and 94% of complex extraction leads 
(Cecchin et al., 2010). Complications were observed in 5% of patients. Older leads, 
intraventricular location, and polyurethane insulation were associated with an increased 
probability of complex extraction. Procedure and x-ray duration correlated to correlated 
to time from lead implantation. 
Cardiac device endocarditis is an infrequent, but potentially lethal complication. 
Hematogenous seeding of Staphilococcus aureus from a distant focus is the most common 
etiology in late infections. Cure is achievable in the large majority of patients under an 
aggressive antimicrobial regime and complete device removal. When the intravascular 
portion of the lead system cannot be aseptically separated from the pocket, removal of the 
entire system is essential (Shah, 2009). After device explantation and long-term standard 
antibiotic treatment to decrease risk for recurrent endocarditis, reimplantation requires 
additional caution (Mihalcz et al., 2008). 
Industry advisories and recalls have an adverse economic, psychosocial and physical impact 
on pediatric defibrillator patients. Between 2000 and 2005, 25% of implanted defibrillators 
were affected by industry advisories or recalls (Mahajan et al., 2008), which meant 22% 
patients undergoing explantation after three years from implant. Just 2 of 89 explanted 
devices were defective, with loose headers as the unique failure observed.  

4.2.3 Progressive increase in defibrillator thresholds 
Failure of first cardioverter-defibrillator shock to terminate ventricular tachycardia or 
fibrillation was reported in 7% of pediatric defibrillator recipients during follow-up, mainly 
due to chronic rise in defibrillation thresholds (Stefanelli et al., 2002). Rates of significant 
changes of defibrillation thresholds range 3,2 to 12% (Stephenson et al., 2006 & Brodsky et 
al., 1999). Epicardial and subcutaneous systems are more likely to present with this 
complication than transvenous systems.  

4.2.4 Electrical storm 
Real incidence of electrical storm in pediatric patients is unknown, although Alexander et 
al., 2004 reported consecutive appropriate shocks in 6% patients. Antiadrenergic medical 
therapy and amiodarone have been used to treat this complication. Morbidity and 
hospitalization are direct consequences of this complication. 

4.2.5 Death rates 
The majority of reported deaths in the pediatric ICD patients appear to be related to 
intractable arrhythmias. Silka et al., 1991 reported 4% sudden death, 1% due to recurrent 
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ventricular arrhythmias. Alexander et al., 2004 observed 2% sudden deaths in patients with 
cardioverter-defibrillator, one of them due to intractable ventricular arrhythmia. 
 

Adverse events reported in cardioverter-
defibrillator pediatric patients 

%

Implantation-related: 
 Pocket complications: hematoma, infection 
 Lead dislocation 
 Cardiac perforation 
 Hemothorax 
 Venous thrombosis 

14-26

13

Mid and long term follow-up: 
 Inappropriated shocks 
 Lead failure 
 Generator failure (recalls, advisories) 
 Increased defibrillation thresholds 
 Electrical storm 
 Death 

11-50
7-30

3-12

2

Table 3. Early and late complications observed in pediatric defibrillators patients. From 
Shah, 2009. Blanck-spaces refer to unknown rates. 

5. Cost-effectiveness study 
Altough more common in adult population, cost-effectiveness studies in pediatric patients 
are scarce. Because of differences in heart failure etiology, sudden death rates, and 
defibrillator complication rates, addition of a prophylactic cardioverter-defibrillator to 
conventional medical management has resulted not cost-effective in children with dilated 
cardiomyopathy, poor ventricular function, and symptomatic heart failure (Feingold et al., 
2010). Total costs were estimated at $433,000 for the defibrillator strategy and $355,000 for 
the medical management. Although quality adjusted survival was greater in the defibrillator 
group, the defibrillator strategy was cost-effective only when the annual probability of 
sudden death exceeded 13%. The low sudden death rates in this population may justify the 
results. No data is available for other cardiac conditions that may benefit more clearly from 
the implantation of a cardioverter-defibrillator in pediatric population.  

6. Quality of life in children with implantable cardioverter-defibrillator 
Psychosocial and quality-of-life outcomes in pediatric patients with implantable 
cardioverter-defibrillators are poorer than in adult population. Anxiety and depression are 
highly related to defibrillator therapies. Shock-related anxiety is suspected to be particularly 
common (Sears et al., 2011). The PedsQL, the Device Severity Index, the ICD and Avoidance 
Survey provide data about Quality-Of-Life. Pediatric defibrillator patients have similar 
Quality-Of-Life outcomes to chronic ill children, with exception of lower physical Quality-
Of-Life. Parent-observed reports show lower psychosocial and physical QOL than reported 
by children themselves. Up to 85% of children present with avoidance behaviors from 

 
Implantable-Cardioverter Defibrillator in Pediatric Population 

 

161 

cardioverter-defibrillation implantation, with female children avoiding places more than 
male. Similar to adult samples, female patients reported lower psychosocial, physical, and 
cardiac Quality-Of-Life scores. Differently from other series, Sears et al. did not find 
discharges and medical severity affecting Quality-Of-Life negatively (Sears et al., 2009).  
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ventricular arrhythmias. Alexander et al., 2004 observed 2% sudden deaths in patients with 
cardioverter-defibrillator, one of them due to intractable ventricular arrhythmia. 
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Quality-Of-Life outcomes to chronic ill children, with exception of lower physical Quality-
Of-Life. Parent-observed reports show lower psychosocial and physical QOL than reported 
by children themselves. Up to 85% of children present with avoidance behaviors from 
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cardioverter-defibrillation implantation, with female children avoiding places more than 
male. Similar to adult samples, female patients reported lower psychosocial, physical, and 
cardiac Quality-Of-Life scores. Differently from other series, Sears et al. did not find 
discharges and medical severity affecting Quality-Of-Life negatively (Sears et al., 2009).  
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1. Introduction  

Large clinical trials in adult patients at risk for sudden cardiac death (SCD) have proven the 
efficacy of implantable cardioverter defibrillator (ICD) therapy for both secondary and 
primary prevention of SCD (Moss et al., 1996). In 1989, the first use of ICDs in young 
patients was reported (Kral et al., 1989). Since this initial report, ICD therapy has become 
increasingly important as a treatment approach in the pediatric population, despite the lack 
of randomized pediatric ICD studies. Nevertheless, children still present only 1% of all ICD 
recipients. The first large study of  ICD implantations in patients below the age of 20 years 
was reported by Silka et al in 1993 (Silka et al., 1993). Since then many retrospective cohorts 
describing the clinical outcome of pediatric ICD therapy have been published. (Eicken et al., 
2006; Ten Harkel et al., 2005; Heersche et al., 2010). More recently, two large multicenter 
studies evaluating the clinical outcome of ICD therapy in pediatrics and adults with 
congenital heart disease, including more than 200 children were published (Berul et al., 
2008; Von Bergen et al., 2011). These studies have similar results, showing that ICD therapy 
in children appears to be effective, but with a higher rate of inappropriate shock therapy 
and complications as compared with adult series. The growing number of ICD 
implantations in children has now been followed by a decrease in the number of 
complications (Burns et al., 2011). Despite the lack of large randomized trials, efforts have 
been made to develop guidelines for ICD therapy in children. Recommendations for ICD 
therapy in primary and secondary prevention of SCD in adults have been formalized in the 
2006 ACC/AHA guidelines (Zipes et al., 2006). Class I indications in pediatric and 
congenital heart disease (CHD) patients include aborted SCD without reversible cause. 
Sustained ventricular tachycardia (VT) associated with structural heart disease may be an 
ICD indication if not amenable to ablation or surgical resection (Blom 2008; Berul 2009; 
Zipes et al., 2006). In the following we will discuss the role of ICD treatment in children and 
young adults within different disease entities with an increased risk of SCD: 1) primary 
electrical heart disease; 2) cardiomyopathy, either hypertrophic or dilated; 3) operated or 
unoperated congenital heart disease. Finally, we will discuss the effect of ICD therapy on 
the quality of life and the different modalities of programming and implantation. 

2. Primary electrical heart disease 
Among the various disorders, presently known as primary electrical heart disease, the long-
QT syndrome is by far the most prevalent among young patients. The congenital long-QT  
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syndrome (LQTS) is a genetic channelopathy with variable penetrance and characterized by 
prolongation of the QT interval on the electrocardiogram. It is associated with increased 
propensity for polymorphic ventricular tachy-arrhythmias and SCD in young individuals 
with normal cardiac morphology (Goldenberg et al., 2010). To date, more than 500 
mutations have been identified in 12 LQTS genotypes, with the LQTS type 1 (LQT1) and 
LQTS type 2 (LQT2) genotypes accounting for nearly 90% of identified cases. Although 
there is a continuous growth in the number of ICDs used to prevent fatal outcome 
associated with life-threatening arrhythmic episodes in LQTS patients the identification of 
patients that will profit most of ICD implantation remains a challenge. Long QT syndrome 
without symptoms is increasingly recognized as family members are screened. It has, 
however, been studied that the risk of death does not increase by the death of a sibling 
(Kaufman et al., 2008) It is, therefore, important that the decision to implant a defibrillator is 
based on the own risk factors of an LQTS patient (Kaufman et al., 2008). Previous studies of 
highly symptomatic patients were more worrisome. In the era of genetic testing and device 
implantation, overall mortality is low with treatment. Device therapy, although effective, is 
not without complications and should be reserved for high-risk patients (Etheridge et al., 
2007). 
The first-line treatment of patients with LQTS remains the use of beta-blockers. These have 
been shown to be very effective especially in LQT1 and LQT2 patients in the prevention of 
cardiovascular events. However, in large studies a substantial number of LQTS patients 
were not treated by beta-blockers before ICD implantation. (Goldenberg et al., 2010). In 
high-risk patients beta-blockers reduce the risk of adverse events by about 70% (Goldenberg 
et al., 2010). These findings underscore the fact that beta-blocker therapy should be routinely 
administered  in all high risk LQT1 and LQT2 patients without contraindications as a first 
line measure (Goldenberg et al., 2010). Patients with syncope during beta-blocker therapy 
are at high risk of life-threatening events, and ICD therapy should be considered in these 
patients. The risk of beta-blocker failure is highest in young children and in women (Jons et 
al., 2010).  
There is a continuous growth in the number of ICDs in this patient group (Schwartz & 
Crotti 2008). Potentially, life-saving therapies were rendered at a 5% to 6% per year rate 
among those selected for ICD therapy. Similar inappropriate shock frequencies were also 
noted. Secondary prevention, genotype, and QTc predicted those most likely to receive 
appropriate therapy. In a recent study about ICD implantations in LQTS patients 
Schwartz et al showed that especially among the LQT3 subtype many patients were 
asymptomatic before ICD implantation, and probably did not need one (Schwartz et al., 
2010). They showed that some patients in whom an ICD was implanted the supposed high 
risk was questionable. Although the ICD implant frequency is greatest among LQT3 
patients, the greatest save rate has occurred among LQT2 women who were assessed to be 
at high risk (Horner et al., 2010). 
However, when used in a high-risk LQTS population, ICD therapy seems to be a safe option 
(Monnig et al., 2005). Risk factors for appropriate ICD shocks are longer QTc intervals and 
being survivors of a cardiac arrest. However, betablockers should always be added to ICD 
therapy, while some patients might benefit from additional antibradycardia pacing, 
prolonged detection time, and a rate-smoothing algorithm to prevent recurrent episodes 
(Monnig et al., 2005). 
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Fig. 1. Electrocardiogram of a 20-year old woman with the long-QT syndrome. A 
prolongation of the QT-interval of 520 msec is shown (normally less than 440 msec). 

3. Hypertrophic cardiomyopathy 
ICDs have proven effective in preventing SCD in young hypertrophic cardiomyopathy 
(HCM) patients with appropriate intervention rates of 11% for secondary and 4% for 
primary prevention, despite massive left ventricular (LV) hypertrophy, LV outflow 
obstruction, diastolic dysfunction or microvascular ischemia. Targeting candidates for 
prophylactic ICD therapy can be complex, compounded by the unpredictability of the 
arrhythmogenic substrate, the absence of a dominant risk factor, and difficulty in 
assembling randomized trials. However, a single major risk factor is often sufficient to 
justify an ICD, although additional markers and other disease features can resolve 
ambiguous decision-making. Nevertheless, the absence of all risk factors does not convey 
absolute immunity to SCD. However, when presenting with a normal electrocardiogram the 
patients seem at lower risk for cardiac events (McLeod et al., 2009). 
Until now, there is, however, no consensus as to the indication for primary prevention 
with ICD implantation in children (Ostman-Smith 2010). Especially a high rate of 
inappropriate shocks up to 27% and a complication rate up to 17% necessitate careful 
considerations when an ICD implantation is to be planned in the pediatric age group 
(Ostman-Smith 2010). 
The primary prevention risk factors in HCM are 1) family history of HCM related SCDs. 
When a high risk population that received primary prevention with ICD implantation was 
studied the number of appropriate shocks during follow-up did not differ between those 
with a family history of HCM related SCD, whether as an isolated risk factor or combined 
with other risk factors (Bos et al., 2010); 2) episodes of unexplained, recent syncope; 3) 
massive LV hypertrophy >30 mm; 4) nonsustained VT on ambulatory 24-hour Holter ECGs; 
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5) hypotensive or attenuated blood pressure response to exercise (Maron 2010). In addition, 
Gimeno et al recently showed that ventricular arrhythmias during exercise increased the 
risk of SCD as well (Gimeno et al., 2009). However, patients who survive cardiac arrest may 
remain asymptomatic for prolonged periods after the first cardiac event, underscoring the 
unpredictability of the arrhythmogenic substrate in these patients. 
 

 
Fig. 2. Short axis of the left ventricle by echocardiography of a 14-year old boy with 
hypertrophic cardiomyopathy. There is a thickness of 30 mm (normally less than 11 mm). 

In children, the risk of non-sudden cardiac death is as high as sudden cardiac death. 
Extreme left ventricular hypertrophy and a blunted blood pressure response to exercise are 
risk factors (Decker et al., 2009). Risk factors for SCD are extreme left ventricular 
hypertrophy on the electrocardiogram and a septal thickness over 190% of normal, with a 
sensitivity of 91% and a specificity of 78% (Ostman-Smith et al., 2005). Children may be at 
risk for SCD already at young age, and should therefore be screened early in hypertrophic 
cardiomyopathy families  (Ostman-Smith et al., 2008).  
When evaluating HCM patients who underwent ICD placement the number of 
complications is considerable (Lin et al., 2009). In the study of Lin et al 181 patients with a 
mean age of 44 years were investigated. During a follow-up period of 5 years, 65 patients 
(36%) had a total of 88 device related complications including 42 (23%) patients with 
inappropriate shocks. Younger age and atrial fibrillation were associated with an increased 
risk of inappropriate ICD discharges. It is concluded that the high incidence of 
complications should be taken into account when considering ICD implantation in a high-
risk HCM patient (Lin et al., 2009). 
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4. Congenital heart disease 
Although most patients who are being operated for their congenital heart disease presently 
survive their surgery and lead a relatively normal life, a substantial portion of patients 
develop symptoms of heart failure or rhythm abnormalities in due time.  In adult patients 
with ischemic or non-ischemic cardiomyopathy an LV ejection fraction below 30% is 
considered a clear indication for primary prevention with ICD implantation (Moss et al., 
2002; Bardy et al., 2005). Risk stratification for primary prevention remains highly complex 
and is usually individualized, based on a variety of surgical, hemodynamic, 
electrocardiographic, and electrophysiologic factors (McLeod et al., 2010). However, some 
authors advocate that also for patients with congenital heart disease an LV ejection fraction 
below 30% as single risk factor is sufficient reason to implant an ICD (Silka & Bar-Cohen 
2008), which is argued by others (Triedman 2008). Since the overall rate of SCD is 5 to 10 
times lower than that observed in high-risk cardiomyopathy patients, the life expectancy in 
CHD patients is much larger. Furthermore, in CHD patients vascular access is often 
difficult, and the rate of device associated cardiac events and lead-failure is much higher, 
and they have variable cardiac anatomy. Therefore, the results of the large ICD trials cannot 
simply be extrapolated to the population of CHD patients. Other risk factors have to be 
taken into account before deciding to implant an ICD (Triedman 2008).  With the increasing 
knowledge of rhythm abnormalities in congenital heart disease and the emergence of 
interventional electrophysiologic techniques some ventricular arrhythmias can be treated by 
catheter ablation (Walsh 2007). ICD implantation remains to be limited to otherwise 
untreatable rhythm abnormalities. 
In a study of Yap et al more than 60% of the patients with an ICD and a congenital heart 
disease had a tetralogy of Fallot (Yap et al.,. 2007). However, the overall complication rate 
in the Fallot patients was higher as compared to other congenital heart defects, the 
number of inappropriate shocks was high (40%), while the number of appropriate shocks 
was low as compared to other patients (18% versus 33%). When compared with an older 
ICD population with dilated cardiomyopathy (DCM), the Tetralogy of Fallot patients 
were more likely to have experienced oversensing (45 vs. 13%; P < 0.02), inappropriate 
anti-tachycardia pacing delivery (20 vs. 2%; P < 0.05), and inappropriate cardioversion (25 
vs. 4%; P = 0.06) and less likely to receive appropriate therapies (Witte et al., 2008). On the 
other hand, Khairy et al studied 121 Fallot patients who received an ICD for primary 
(N=68) or secondary (N=53) prevention. During follow-up the number of appropriate 
shocks was considerable (30% of patients). This was, however, at the cost of a 5.8% yearly 
incidence of inappropriate shocks, and the occurrence of complications in 36 patients, 
mostly (70%) lead-related (Khairy et al., 2008). In Fallot patients with unstable ventricular 
tachycardia, their rhythm abnormalities may in some patients be treated by catheter 
ablation (Kriebel et al., 2007). 

5. ICD programming 
In children with ICDs, the risk of inappropriate shock therapy is significantly higher as 
compared to adult studies. Pediatric ICD series with mean intervals of follow-up between 29 
and 51 months have reported 20% to 50% inappropriate shock therapy. These shocks may 
have a negative impact on the quality of life, and can induce secondary arrhythmias.  
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 Tomaske 
2008 

Stephenson 
2006 

Kriebel 
2006 

Cannon 
2006 

Number 15 22 8 8 

Age (yr) 12.5 8.9 0.3-8 1-29 

Weight (kg) 36.5 25.5 4-29  

Follow-up (mo) 22 29 14.5 22 

Appr Shocks 4 7 2 2 

Inappr Shocks 3 4 0 3 

Revision 4 7 2 3 

Table 1. Outcomes of extracardiac ICD implantations in young patients and patients with 
congenital heart disease. Results are comparable to transvenous approaches. 

Inappropriate shocks in children are mostly caused by sinus tachycardia or supraventricular 
tachycardia. High sinus rates up to 200 per minute are not uncommon in children and 
patients with congenital heart disease have a high incidence of atrial arrhythmias, mostly 
intraatrial reentrant tachycardia. Implantation of a dual chamber ICD system can potentially 
reduce the incidence of inappropriate discharges attributable to the misclassification of sinus 
tachycardia or supraventricular tachycardia as a ventricular event. In a recent multicenter 
study the difference of appropriate and inappropriate shocks in a single chamber or dual 
chamber device in patients <30 years old was investigated (Lawrence et al., 2009). The 
authors found no differences between single chamber or dual chamber systems regarding 
the occurrence of appropriate or inappropriate shocks, irrespective of underlying 
cardiovascular disorder or type of ICD system. (Lawrence et al., 2009). T-wave sensing is 
another important cause of inappropriate shock therapy especially in the group of patients 
with long QT syndrome. Exercise tests are required to obtain maximal heart rate and to 
evaluate T wave sensing during high heart rates. QRS discrimination or atrial discrimination 
algorithms can be helpful tools to prevent some of these problems. β-blockade can also be a 
practical therapy to avoid inappropriate ICD shock for supraventricular tachycardias or 
sinus tachycardia. However, the most important measure to reduce inappropriate shocks is 
careful ICD programming of the individual child with regard to detection rate and time 
immediately after ICD implantation. In a recent article several programming tips have been 
given (Khairy & Mansour 2011). Since sinus tachycardia and supraventricular tachycardia 
may have frequencies as high as 200 bpm, most young patients have a ventricular 
fibrillation zone programmed up to 220 bpm. Concerning detection times there is a 
compromise between overtreating otherwise self-terminating events and delaying therapy 
for potentially unstable arrhythmias. Detection times as long as 18 of 24 intervals or even 30 
of 40 intervals have been advocated with no increase in adverse events. Antitachycardia 
pacing (ATP) has been shown to be effective in the majority of congenital heart disease 
patients, thereby lowering the number of shocks. 
Although routine testing of the defibrillation threshold (DFT) is not necessary during 
follow-up of pediatric ICD patients, any clinical change or problem should be evaluated 
immediately and DFT testing should also be considered in this situation. (Theuns & Gold, 
2010). In young children with subcutaneous ICD systems regular DFT testing should be 
considered during growth. 
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6. Complications 
There seem to be differences in the frequency of ICD-related complications between children 
and adults. However, due to the small number of patients in pediatric series it is difficult to 
estimate the true incidence of ICD related complications in children. (Shah et al., 2009). 
Implantation procedure-related complications include pocket infection, pocket hematoma, 
microdislodgement requiring lead manipulation , hemothorax, superior vena cava 
syndrome, pneumonia, electromechanical dissociation requiring cardiopulmonary 
resuscitation and second degree burns from repeated external rescue shocks (Shah et al., 
2009). Especially the number of infections seem to be higher in children as compared to 
adults (Link et al., 1999). The most common ICD system related adverse effect is the high 
incidence of inappropriate shocks and a high incidence of lead failures in children. 
Inappropriate shocks are usually related to the occurrence of sinus tachycardia, 
supraventricular tachycardia, T wave oversensing or QRS complex double sensing. Lead 
failures are strongly related to the size of the patient. The youngest and smallest patients 
have the highest risk of lead complications. Furthermore, higher levels of exercise and 
activity in the pediatric population may increase the amount of lead problems.  

7. Mode of ICD implantation 
In children or young patients with congenital heart defects it is often not possible to make 
use of routine transvenous ICD systems. Underlying causes are the size of the patient or 
structural heart diseases with residual intracardiac shunts and abnormal systemic venous 
pathways. Various modifications have been used to implant ICDs in patients with limited 
venous access (Cannon et al., 2006; Bove et al., 2010; Greene et al., 2004; Kriebel et al., 
2006; Stephenson et al., 2006; Tomaske et al., 2008). These include subcutaneous patches, 
epicardial and pleural lead positioning, use of the subxiphoid incision, or direct 
transatrial approach. It is important that the technique used is individualized in the 
diverse population of children and young patients with congenital heart disease in need 
for ICD placement (Stephenson et al., 2006). Recently,  Radbill et al compared the use of 
transvenous ICDs with nontransvenous systems in a group of pediatric and congenital 
heart disease patients  (Radbill et al., 2010). Although no differences were reported 
considering appropriate or inappropriate shocks there was a significantly higher amount 
of ICD system failure in the nontransvenous group. System survival at 12, 24, and 36 
months was 73%, 55% and 49% in the nontransvenous group compared to 91%, 83% and 
76% in the transvenous group. Causes of system failure in the nontransvenous group 
included pace-sense lead failure, shock coil failure, generator migration, and loosened set-
screw connection. 
Recently, the search for avoidance of transvenous lead placement has resulted in the 
development of an entirely subcutaneous ICD system (Bardy et al., 2010). The system 
consists of a parasternal electrode and a left lateral thoracic pulse generator. In a trial of 55 
adult patients it was shown as effective in terminating ventricular tachyarrhythmias with 
little complications  during a 10-month follow-up period. This subcutaneous ICD system can 
also be used in older children and has been reported in two children of 10 and 12 years old 
(34 and 35 kg body weight) (McLeod and McLean 2010). In both children this device was 
implanted without complications, and no adverse events occurred during an 8- and 5-month 
follow-up period (McLeod & McLean 2010).  
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Fig. 3. Chest X-ray of a 6-month old child with an ICD. The active can is placed abdominally, 
and the pacing wires are placed epicardially. A subcutaneous patch is in use for eventual 
shocks. 

Another approach is the placement of the ICD in the axilla. The usual infraclavicular 
placement of a transvenous ICD can cause a quite visible scar with a suboptimal cosmetic 
result. Furthermore, straps can rub and cause irritation at this site (Collins et al., 2009; 
Rausch et al., 2010). In a large retrospective review it was shown that there were no 
differences between the axillary and infraclavicular technique in implant characteristics, 
lead longevity, implant complications, lead fractures or dislodgements, inappropriate ICD 
discharges, or device infections (Rausch et al., 2010). 

8. Home monitoring 
Since 2000 a remote control system was introduced for the follow-up of ICD patients. 
Through this system data from the implanted device are transmitted  to a website once a 
day as well as immediately following an arrhythmia. By this method changes in ICD 
function, lead problems, and asymptomatic arrhythmias can be detected earlier without the 
patient actually visiting the hospital. It has been shown that the events as send by the home 
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monitoring system show excellent comparability to the data as obtained by standard clinical 
evaluation (Perings et al., 2011). The home monitoring system can detect several, otherwise 
asymptomatic episodes enhancing prompt detection of for instance lead problems and 
facilitates management decisions (Varma et al., 2010). Most patients show a high level of 
acceptance and satisfaction of this new system after a mean follow-up period of 1 year, with 
only some refusing the home monitoring (Ricci et al., 2010). Until now, however, this system 
has mostly been used in the adult population, and data about the appropriateness in 
pediatrics are as yet lacking.  

9. Quality of life 
With the increasing number of ICDs in young patients the psychological effects has been 
studied as early as 1996 (Dubin et al., 1996). Nearly 75% of the patients felt their health was 
good to excellent with 40% reporting improvement since ICD implantation. All felt capable 
of performing daily activities (Dubin et al., 1996).  
The implantation of an ICD has a great impact on the quality of life of these patients. These 
psychological effects have sofar been investigated by many authors (Herrmann et al., 1997). 
The poor psychosocial outcome in these patients may be related to the underlying 
cardiovascular condition (Burke et al., 2003), or it may be the effect of surviving an out of 
hospital cardiac arrest, not related to the treatment received (Kamphuis et al., 2002). It has 
been found that the lasting psychological distress will not dissipate spontaneously or 
naturally and that psychosocial intervention may be warranted (Kamphuis et al., 2003). The 
most common psychological problems are depression and anxiety. Depressive symptoms 
persist over time, and are associated with a higher incidence of shock therapy (Suzuki et al., 
2010). However, concerns about the ICD has been found a predictor of psychological 
morbidity independently of the number of shocks (Pedersen et al., 2005). On the other hand, 
Luyster et al found no relation between number of shocks and anxiety (Luyster et al., 2006). 
They found especially a higher level of perceived resource loss to be associated with higher 
levels of both anxiety and depression (Luyster et al., 2006). 
The growing pediatric ICD population stresses the need to evaluate the quality of life in 
this group of ICD recipients. Adult patients with ICDs show significantly worse 
psychological and physical functioning. Behavioral changes have been reported such as 
reduced activity, avoidance, depression, and anxiety, especially in those who had received 
ICD shocks. These finding in adults could not be confirmed in a recent study in a group of 
pediatric ICD recipients. In this study, cardiac illness severity and ICD shock therapy 
were not significantly associated with anxiety, depression, quality of life, or family 
functioning. 
Recently, we have also evaluated health-related quality of life study in 30 Dutch pediatric 
ICD recipients using different quality of life questionnaires. This study showed that 
pediatric ICD recipients showed more problems in the domains of motor functioning, sleep, 
work/school, negative emotions, and anxiety. Furthermore, worry and anxiety were 
significantly associated with the number of ICD shocks (unpublished data). These findings 
indicate that avoidance or reduction of inappropriate shocks is one of the most important 
steps to improve quality of life. Furthermore, it emphasizes the need of proper guidance 
and, if necessary, implementation of psychological interventions. Screening for 
cardiovascular diseases may have its own impact, Children who were genetically tested 
carriers showed to have a reduced psychological well-being (Smets et al., 2008). 
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Fig. 4. An ICD strip of an appropriate shock is shown. Fast ventricular tachycardia is 
followed by a 21-J shock which terminated the tachycardia. This is followed by an escape 
rhythm with broad QRS complexes. 

10. Conclusions 
ICD implantations are increasingly performed in children and young adults with a variety 
of underlying cardiac disorders. Although the effectiveness of ICD therapy in this specific 
population is good, there are concerns about the high number of inappropriate shocks and 
lead problems. New developments include the complete subcutaneous device and home 
monitoring systems. Although the overall quality of life usually is good, several patients 
need psychological support, and this support has to be included in regular follow-up 
programs. 
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1. Introduction

Sudden cardiac death (SCD) is the single most important cause of death in the adult
population of the industrialised world (Jacobs et al., 2004). It is estimated that SCD accounts
for an average of 100 to 200 deaths per 100 000 adults over 35 years and represents 50 % of all
heart-related death (Myerburg, 2001). Most sudden cardiac arrests occur out of hospital, and
the annual incidence of out of hospital cardiac arrest (OHCA) treated by emergency medical
services in the US is 55 per 100 000 population (Myerburg, 2001).
Ventricular fibrillation (VF) is the initial rhythm in 40 % of cardiac arrest cases (Rea et al.,
2004). Survival rates in untreated VF cardiac arrest decrease by 7 to 10 % per minute (Larsen
et al., 1993; Valenzuela et al., 1997), as the heart function deteriorates. Although many victims
present VF or ventricular tachycardia (VT) at the time of collapse, by the time the first ECG
is recorded the rhythm has deteriorated to asystole (Waalewijn et al., 2002). The estimated
survival rate in all cases of OHCA is a poor 8.4 %, but rises to 17.7 % when the victim presents
VF as initial rhythm (Rea et al., 2004). Consequently, early intervention is critical for the
survival of OHCA victims.
In the early 1990s, the American Heart Association (AHA) established the chain of survival
metaphor to describe the sequence of actions to treat OHCA. The chain of survival consists of
four links: early access, early cardiopulmonary resuscitation, early defibrillation and early advanced
cardiac life support. Defibrillation is normally administered using an automated external
defibrillator (AED). The AED analyses the rhythm acquired through two electrode pads and
delivers an electrical shock if a lethal ventricular arrhythmia – VF or rapid VT – is detected.
The shock advice algorithm (SAA) of an AED analyses the ECG to discriminate shockable
from non-shockable rhythms. Given a database of classified ECG records, the performance of
the SAA is evaluated in terms of the proportion of correctly identified shockable – sensitivity –
and non-shockable – specificity – rhythms, which must exceed the minimum values set by the
AHA (Kerber et al., 1997).
SCD is 10 times less frequent in children than in adults. However, only in the US, an estimated
16 000 children die each year from sudden cardiac arrest (Sirbaugh et al., 1999). Moreover,
the social and emotional impact of the death of a child is enormous because of the greater life
expectancy. Paediatric cardiac arrest constitutes less than 10 % of all OHCA, and cardiac arrest
due to arrhythmias is also less frequent in children than in adults. VF is the initially recorded
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rhythm in 3.8 - 19 % of paediatric OHCA cases, and more importantly, VF is the arrhythmia
associated with the highest survival rate (Biarent et al., 2005).
As late as 2000, no conclusive study existed on the use of AED in children under 8 years of
age. By 2003 the International Liaison Committee on Resuscitation (ILCOR) recommended
the use of AED in children 1–8 years of age (Samson et al., 2003), based on the evidence
provided in two independent studies (Atkinson et al., 2003; Cecchin et al., 2001). Since 2005 the
Resuscitation guidelines1 reflect the need of adapting AED for paediatric use. This involves
adjusting the defibrillation pads and the defibrillation energy dose, but also, demonstrating
that the SAA are accurate in the detection of paediatric arrhythmias. In fact, the first studies
on the use of AED in children showed that two adult SAA from commercial AED accurately
identified many paediatric rhythms (Atkinson et al., 2003; Cecchin et al., 2001). The specificity
for non-shockable rhythms and the sensitivity for VF were above the values recommended by
the AHA. However, those studies failed to meet AHA criteria for shockable paediatric VT. In
2008, a third study showed that a SAA designed for adult patients did not meet AHA criteria
for non-shockable paediatric supraventricular tachycardia (SVT) (Atkins et al., 2008).
SAA are based on the combination of several discrimination parameters computed from the
surface ECG. There are differences in rate, amplitude and ECG wave morphology between
paediatric and adult rhythms (Aramendi et al., 2010; Cecchin et al., 2001; Rustwick et al., 2007).
The faster heart rates and shorter QRS durations of paediatric rhythms produce differences
in the values of the discrimination parameters which may affect the performance of SAA
designed for adult use. Some of these differences have been previously assessed (Aramendi
et al., 2010; Irusta et al., 2008; Ruiz de Gauna et al., 2008). However, based on the thorough
analysis presented in this chapter, adequate strategies can be defined to either adapt (Atkins
et al., 2008; Irusta & Ruiz, 2009) or redesign adult SAA algorithms to be valid also for
paediatric use.
The discrimination parameters analysed in this study quantify features of the ECG signal
in three domains: slope, frequency and time. The parameters are computed for a database
of more than 1900 ECG records from adult and paediatric patients. Section 2 describes the
database in terms of numbers of rhythms and patients, as well as the ECG record sources
and the rhythm classification process. Then, in section 3 paediatric and adult heart rates are
compared for the different age groups. The differences in the values of the discrimination
parameters between adult and paediatric rhythms are assessed in section 4. The differences
are quantified in terms of the statistical distributions of the values of the parameters, both for
shockable and non-shockable rhythms. Emphasis is made on the influence of the age group
on the values of the parameters. Then, the discriminative power of each parameter is assessed
through the Receiver Operating Characteristic (ROC) curve and the sensitivity/specificity
values. The analysis reveals important aspects that must be addressed when a SAA is adapted
or designed for paediatric use. Finally, section 5 discusses strategies to design reliable SAA
for adults and children and puts forward the main conclusions extracted from the study.

2. Collecting ECG recordings from adult and paediatric patients

The framework for the assessment of AED SAA was established by an AHA statement in
1997 (Kerber et al., 1997). The statement describes the composition of the databases used to

1 The latest version of the guidelines was released in 2010 (Biarent et al., 2010).
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develop and test SAA, including the types of rhythms and the minimum number of records
per rhythm type. It also defines the minimum sensitivities and specificities of SAA for those
rhythm types, these values are compiled in table 1. Furthermore, the statement mentions that
although a database can contain several records from the same patient there can only be one
record of each rhythm type per patient.
Currently there exist no public database of ECG records compliant with the AHA statement.
Each AED manufacturer compiles its own data, which must include paediatric rhythms if
the AED will treat children. However, the studies describing paediatric databases (Atkins
et al., 2008; Atkinson et al., 2003; Cecchin et al., 2001) report less shockable rhythms than those
specified by the AHA because paediatric ventricular arrhythmias are scarce.
In this study we use a database composed of adult and paediatric ECG records collected
from in- and out-of-hospital sources. Three cardiologists assigned a rhythm type and
a shock/no-shock recommendation to each record. For potentially shockable rhythms,
the criteria to determine the shock/no-shock recommendation were: the patient is
unresponsive, has no palpable pulse, and an unknown age (Cecchin et al., 2001). Diagnostic
discrepancies among the reviewers were further discussed, and a consensus decision for
the shock/no-shock diagnosis was agreed after the assessment of the risks of each potential
recommendation.
The database contains shockable rhythms (VF and rapid VT) and the most representative
non-shockable rhythms: Normal Sinus Rhythm (NSR) and SVT. SVT were treated separately
because adult SAA have been shown to misdiagnose high rate paediatric SVT (Atkins et al.,
2008). Furthermore, VT should only be shocked when its rate exceeds a threshold. In fact,
the AHA statement allows the manufacturer to specify this threshold because tolerance to VT
varies widely among patients. We considered VT shockable for rates above 150 bpm in adults
and 20 bpm above age-matched normal rate in children (Atkinson et al., 2003). Table 1 is a
summary of the database, where the paediatric data is divided in three age groups: under 1

Paediatric AHA goal

Rhythms Adult <1y 1y–8y >8y Records Sens/Esp

Shockable
Coarse VF a 374 (374) 3 (1) 18 (11) 37 (10) 200 90 %
Rapid VT 200 (200) 8 (4) 39 (19) 19 (13) 50 75 %

Non-shockable
NSR 292 (292) 14 (13) 312 (280) 214 (161) 100 99 %
SVT 89 (89) 38 (29) 147 (103) 137 (104) 30 95 %

Total 955 (820) 63 (39) 516 (357) 407 (216) – –

a Peak-to-peak amplitude above 200μV.

Table 1. Number of records per rhythm class in the adult and paediatric databases, the
number of patients is indicated in parenthesis. The AHA statement sets the minimum figures
per rhythm class, both in terms of number of records to test SAA and sensitivity/specificity
scores of the SAA.
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rhythm in 3.8 - 19 % of paediatric OHCA cases, and more importantly, VF is the arrhythmia
associated with the highest survival rate (Biarent et al., 2005).
As late as 2000, no conclusive study existed on the use of AED in children under 8 years of
age. By 2003 the International Liaison Committee on Resuscitation (ILCOR) recommended
the use of AED in children 1–8 years of age (Samson et al., 2003), based on the evidence
provided in two independent studies (Atkinson et al., 2003; Cecchin et al., 2001). Since 2005 the
Resuscitation guidelines1 reflect the need of adapting AED for paediatric use. This involves
adjusting the defibrillation pads and the defibrillation energy dose, but also, demonstrating
that the SAA are accurate in the detection of paediatric arrhythmias. In fact, the first studies
on the use of AED in children showed that two adult SAA from commercial AED accurately
identified many paediatric rhythms (Atkinson et al., 2003; Cecchin et al., 2001). The specificity
for non-shockable rhythms and the sensitivity for VF were above the values recommended by
the AHA. However, those studies failed to meet AHA criteria for shockable paediatric VT. In
2008, a third study showed that a SAA designed for adult patients did not meet AHA criteria
for non-shockable paediatric supraventricular tachycardia (SVT) (Atkins et al., 2008).
SAA are based on the combination of several discrimination parameters computed from the
surface ECG. There are differences in rate, amplitude and ECG wave morphology between
paediatric and adult rhythms (Aramendi et al., 2010; Cecchin et al., 2001; Rustwick et al., 2007).
The faster heart rates and shorter QRS durations of paediatric rhythms produce differences
in the values of the discrimination parameters which may affect the performance of SAA
designed for adult use. Some of these differences have been previously assessed (Aramendi
et al., 2010; Irusta et al., 2008; Ruiz de Gauna et al., 2008). However, based on the thorough
analysis presented in this chapter, adequate strategies can be defined to either adapt (Atkins
et al., 2008; Irusta & Ruiz, 2009) or redesign adult SAA algorithms to be valid also for
paediatric use.
The discrimination parameters analysed in this study quantify features of the ECG signal
in three domains: slope, frequency and time. The parameters are computed for a database
of more than 1900 ECG records from adult and paediatric patients. Section 2 describes the
database in terms of numbers of rhythms and patients, as well as the ECG record sources
and the rhythm classification process. Then, in section 3 paediatric and adult heart rates are
compared for the different age groups. The differences in the values of the discrimination
parameters between adult and paediatric rhythms are assessed in section 4. The differences
are quantified in terms of the statistical distributions of the values of the parameters, both for
shockable and non-shockable rhythms. Emphasis is made on the influence of the age group
on the values of the parameters. Then, the discriminative power of each parameter is assessed
through the Receiver Operating Characteristic (ROC) curve and the sensitivity/specificity
values. The analysis reveals important aspects that must be addressed when a SAA is adapted
or designed for paediatric use. Finally, section 5 discusses strategies to design reliable SAA
for adults and children and puts forward the main conclusions extracted from the study.

2. Collecting ECG recordings from adult and paediatric patients

The framework for the assessment of AED SAA was established by an AHA statement in
1997 (Kerber et al., 1997). The statement describes the composition of the databases used to

1 The latest version of the guidelines was released in 2010 (Biarent et al., 2010).
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develop and test SAA, including the types of rhythms and the minimum number of records
per rhythm type. It also defines the minimum sensitivities and specificities of SAA for those
rhythm types, these values are compiled in table 1. Furthermore, the statement mentions that
although a database can contain several records from the same patient there can only be one
record of each rhythm type per patient.
Currently there exist no public database of ECG records compliant with the AHA statement.
Each AED manufacturer compiles its own data, which must include paediatric rhythms if
the AED will treat children. However, the studies describing paediatric databases (Atkins
et al., 2008; Atkinson et al., 2003; Cecchin et al., 2001) report less shockable rhythms than those
specified by the AHA because paediatric ventricular arrhythmias are scarce.
In this study we use a database composed of adult and paediatric ECG records collected
from in- and out-of-hospital sources. Three cardiologists assigned a rhythm type and
a shock/no-shock recommendation to each record. For potentially shockable rhythms,
the criteria to determine the shock/no-shock recommendation were: the patient is
unresponsive, has no palpable pulse, and an unknown age (Cecchin et al., 2001). Diagnostic
discrepancies among the reviewers were further discussed, and a consensus decision for
the shock/no-shock diagnosis was agreed after the assessment of the risks of each potential
recommendation.
The database contains shockable rhythms (VF and rapid VT) and the most representative
non-shockable rhythms: Normal Sinus Rhythm (NSR) and SVT. SVT were treated separately
because adult SAA have been shown to misdiagnose high rate paediatric SVT (Atkins et al.,
2008). Furthermore, VT should only be shocked when its rate exceeds a threshold. In fact,
the AHA statement allows the manufacturer to specify this threshold because tolerance to VT
varies widely among patients. We considered VT shockable for rates above 150 bpm in adults
and 20 bpm above age-matched normal rate in children (Atkinson et al., 2003). Table 1 is a
summary of the database, where the paediatric data is divided in three age groups: under 1

Paediatric AHA goal

Rhythms Adult <1y 1y–8y >8y Records Sens/Esp

Shockable
Coarse VF a 374 (374) 3 (1) 18 (11) 37 (10) 200 90 %
Rapid VT 200 (200) 8 (4) 39 (19) 19 (13) 50 75 %

Non-shockable
NSR 292 (292) 14 (13) 312 (280) 214 (161) 100 99 %
SVT 89 (89) 38 (29) 147 (103) 137 (104) 30 95 %

Total 955 (820) 63 (39) 516 (357) 407 (216) – –

a Peak-to-peak amplitude above 200μV.

Table 1. Number of records per rhythm class in the adult and paediatric databases, the
number of patients is indicated in parenthesis. The AHA statement sets the minimum figures
per rhythm class, both in terms of number of records to test SAA and sensitivity/specificity
scores of the SAA.
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year (infants), 1–8 years of age (ILCOR recommendation) and above 8 years. All records were
stored with a common format, and a sampling frequency of fs = 250 Hz.
The following sections describe the origin and the characteristics of the adult and paediatric
records.

2.1 ECG records from adult patients
The adult database contains 955 records from 820 patients, 574 non-shockable records from
541 patients and 381 shockable records from 351 patients. The database is fully compliant
with the AHA statement for the rhythm categories used in this study. The mean duration of
the records was 13.0± 5.3 s, 15.4± 4.2 s for the non-shockable and 11.4± 5.4 s for the shockable
records.
The adult records were obtained from three sources. 251 non-shockable and 63 shockable
records were extracted from Public ECG databases2. The adult data also includes 127
shockable and 325 non-shockable records from in-hospital electrophysiology (EP) studies
and intensive care units obtained at two Spanish hospitals (Basurto and Donostia hospitals).
Finally, the database contains 3 non-shockable and 186 shockable out-of-hospital records from
the Spanish emergency services in Madrid and the Basque Country.
Public databases are available in digital format with different sampling rates and storage
formats. In-hospital data was gathered in digital format (Prucka Cardiolab and EP-Tracer
systems) or as printed ECG paper strips. All the out-of-hospital data came in paper format
from AED printouts.

2.2 ECG records from paediatric patients
The paediatric database contains 986 records from 612 paediatric and adolescent patients aged
between 1 day and 20 years (mean age 7.1 ± 4.5 years). There are 862 non-shockable records
from 579 patients and 124 shockable records from 49 patients. The mean duration of the
records was 13.7 ± 9.0 s, 14.1 ± 9.3 s for the non-shockable and 10.9 ± 4.9 s for the shockable
records.
Although the non-shockable portion of the database is compliant with the AHA statement,
the shockable portion is not. There are only 58 VF from 22 patients and 66 VT from 36
patients, well below the 250 fatal ventricular arrhythmias (200 VF and 50 VT) specified in
the AHA statement. Furthermore in the paediatric database rhythm repetition – one patient
contributing more than one record within a rhythm type – was allowed when the morphology
of the rhythms was sufficiently different. A low number of ventricular arrhythmias and
rhythm repetition ease the terms imposed by the AHA statement, however all studies on the
use of AED in children have followed this path due to the scarceness of paediatric ventricular
arrhythmias (Atkins et al., 2008; Atkinson et al., 2003; Cecchin et al., 2001).
All the paediatric records were collected in-hospital, from archived paper and digital EP
studies (Prucka Cardiolab and EP-Tracer systems). The records were retrospectively obtained
in five Spanish hospitals: Cruces, Donostia, La Paz , Gregorio Marañón and San Joan de Deu.
The accurate discrimination of SVT and VT based on a single lead ECG is hard in the paediatric
case (Irusta & Ruiz, 2009). In fact, there were a number of paediatric SVT and VT cases
were the consensus decision between the cardiologists was not possible, Fig. 1 shows four

2 The MIT-BIH arrhythmia, the AHA and the Creighton University Ventricular Tachyarrhythmia
databases.
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examples. Discrepancies were resolved by adopting the original interpretation from the
physician aware of the clinical history of the patient. This interpretation is more reliable but it
is only available when records are obtained from documented EP studies. For out-of-hospital
records a consensus decision is the only alternative.
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(a) Paediatric SVT with disagreements in diagnosis (Rate 255 bpm).
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(b) Paediatric SVT with disagreements in diagnosis (Rate 125 bpm).
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(c) Paediatric VT with disagreements in diagnosis (Rate 210 bpm).
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(d) Paediatric VT with disagreements in diagnosis (Rate 255 bpm).

Fig. 1. Examples of paediatric VT and SVT with disagreements in the cardiologists’
classification. In these cases, the diagnosis from the rhythm source was adopted.

3. Analysis of the heart rate

A well-known ECG difference between children and adults is the heart rate. Normal heart
rate changes with age, from the neonatal period, through infancy, childhood and adolescence.
To maintain the cardiac output in neonates and infants, higher heart rates compensate smaller
stroke volumes. As a result of the maturation of the cardiovascular system, the stroke volume
increases so the heart rate lowers maintaining the overall cardiac output (Chan et al., 2008).
In this section we report the heart rates of the NSR, SVT and VT records from our database.
VF records were excluded from the analysis because VF is an irregular ventricular rhythm
characterized by the absence of QRS complexes and a well defined heart rate. First, QRS
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year (infants), 1–8 years of age (ILCOR recommendation) and above 8 years. All records were
stored with a common format, and a sampling frequency of fs = 250 Hz.
The following sections describe the origin and the characteristics of the adult and paediatric
records.
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with the AHA statement for the rhythm categories used in this study. The mean duration of
the records was 13.0± 5.3 s, 15.4± 4.2 s for the non-shockable and 11.4± 5.4 s for the shockable
records.
The adult records were obtained from three sources. 251 non-shockable and 63 shockable
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from AED printouts.
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records was 13.7 ± 9.0 s, 14.1 ± 9.3 s for the non-shockable and 10.9 ± 4.9 s for the shockable
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Although the non-shockable portion of the database is compliant with the AHA statement,
the shockable portion is not. There are only 58 VF from 22 patients and 66 VT from 36
patients, well below the 250 fatal ventricular arrhythmias (200 VF and 50 VT) specified in
the AHA statement. Furthermore in the paediatric database rhythm repetition – one patient
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case (Irusta & Ruiz, 2009). In fact, there were a number of paediatric SVT and VT cases
were the consensus decision between the cardiologists was not possible, Fig. 1 shows four

2 The MIT-BIH arrhythmia, the AHA and the Creighton University Ventricular Tachyarrhythmia
databases.
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examples. Discrepancies were resolved by adopting the original interpretation from the
physician aware of the clinical history of the patient. This interpretation is more reliable but it
is only available when records are obtained from documented EP studies. For out-of-hospital
records a consensus decision is the only alternative.
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(d) Paediatric VT with disagreements in diagnosis (Rate 255 bpm).

Fig. 1. Examples of paediatric VT and SVT with disagreements in the cardiologists’
classification. In these cases, the diagnosis from the rhythm source was adopted.

3. Analysis of the heart rate

A well-known ECG difference between children and adults is the heart rate. Normal heart
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stroke volumes. As a result of the maturation of the cardiovascular system, the stroke volume
increases so the heart rate lowers maintaining the overall cardiac output (Chan et al., 2008).
In this section we report the heart rates of the NSR, SVT and VT records from our database.
VF records were excluded from the analysis because VF is an irregular ventricular rhythm
characterized by the absence of QRS complexes and a well defined heart rate. First, QRS
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complexes were automatically detected3 and the results were visually inspected and corrected
when necessary. We computed the heart rate (HR) for each record as the inverse of the mean
time-interval between consecutive beats (QRS complexes). The result was expressed in beats
per minute (bpm).
Fig. 2 shows the HR distributions for the non-shockable (NSR and SVT) and the VT rhythms
for all patients (a), the paediatric group (b) and the adult group (c). There is a remarkable
overlap between the HR of the non-shockable and the VT records caused by the high rate
of the non-shockable paediatric rhythms. In the adult case, the HR values of non-shockable
rhythms and VT are well separated. This demonstrates that a shock/no-shock discrimination
approach depending on the HR is not efficient when paediatric rhythms are included,
although it can be useful for the adult group.
Table 2 presents the mean HR per rhythm category for the different age groups. As expected,
HR decreases with age. Our results are in line with the literature, although the age categories
do not match strictly (Chan et al., 2008; Finley & Nugent, 1995). SVT records have a mean HR
of 187 bpm, higher than the 131 bpm obtained for the adult group. The mean HR of SVT in
infants (under 1 year) is lower than the figures reported in the literature: > 220 bpm (Chan
et al., 2008) or between 260-300 bpm (Schwartz et al., 2002). For the 1–8 years of age group,
the mean HR of SVT is comparable to the >180 bpm reported by Chan et al. The mean HR is
similar for adult and paediatric VT, and is above 200 bpm for all age groups. The overlap in
HR between non-shockable and VT rhythms observed in Fig. 2 is therefore caused by the high
rates of paediatric SVT. This overlap is best seen in Fig. 3 which shows the HR distributions
of the paediatric VT and SVT.

Paediatric

Rhythms Adult Total <1y 1y–8y >8y

Non-shockable
NSR 74 (15) 98 (21) 122 (19) 102 (19) 90 (20)
SVT 131 (32) 187 (40) 186 (45) 194 (39) 180 (39)

Shockable
VT 241 (58) 232 (54) 226 (31) 247 (57) 206 (46)
VF – – – – –

Table 2. Mean HR (standard deviation in parenthesis) expressed in bpm for the adult and the
paediatric records. There are no HR values for VF because it is not possible to associate a
heart rate to a VF rhythm.

In conclusion, the higher heart rates of paediatric rhythms have important implications in the
design of SAA. Paediatric SVT with rates close to or above those of rapid VT may be wrongly
classified as shockable, therefore decreasing the specificity of the SAA.
In the next section we analyse how well several parameters discriminate shockable from
non-shockable rhythms. Our purpose is not to define a SAA by optimizing the sensitivity and
specificity for the records in our database. On the contrary, we study the possibility of defining

3 All the signal processing and measurements for this study were made with Matlab (MathWorks, Natick,
MA)
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(�) records in the complete database.
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(b) HR distribution of the non-shockable (�) and shockable VT
(�) records in the paediatric database.
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(c) HR distribution of the non-shockable (�) and shockable VT
(�) records in the adult database.

Fig. 2. HR distributions for all the records, the adult records and the paediatric records.
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Fig. 3. HR distribution for the paediatric SVT (�) and VT records (�).

different features that will serve to discriminate fatal ventricular arrhythmias regardless of the
patient age, i.e., paediatric or adult. Those parameters must therefore be as independent as
possible from the HR.

4. Parameters for the shock/no-shock discrimination

The basic principle of any SAA is the definition of a set of features that will serve to
discriminate fatal ventricular arrhythmias, i.e. shockable rhythms. These features quantify
distinctive characteristics of the rhythms, generally better observed by transforming the time
domain representation of the ECG into a new analysis domain. For example, non-shockable
rhythms have larger bandwidths and more harmonic content because of the fast-changing
QRS complexes. This information is easily observed in the frequency domain representation
of the ECG. Other characteristics, such as the rapid variation of the ECG waveform during
QRS complexes are better observed in the slope domain.
In this section, we describe a set of four parameters and analyse their ability to accurately
identify shockable arrhythmias regardless the age of the patient. One feature is computed
in the slope domain; two in the frequency domain and the last one in the time domain.
The parameters were computed using ECG segments of 3.2 s duration, and a maximum of
3 segments per record were used.
Each parameter is first analytically defined and then the idea behind the parameter is
illustrated through an example from our database. Then, we compute the ROC curve for
the parameter to quantify its potential ability to discriminate shockable from non-shockable
rhythms. Emphasis is made on how well the parameter discriminates SVT from VT in the
paediatric case. Finally, we show different graphical examples corresponding to border-line
cases, for which the discrimination efficiency decreases.

4.1 Slope domain: slope bandwidth
In a normal sinus rhythm the ECG varies slowly most of the time, during QRS complexes
however the ECG changes very rapidly. These differences in the rate of variation of the ECG
permit the identification of QRS complexes in the normal ECG. In our context, we want to
quantify the differences between non-shockable rhythms, with narrow QRS complexes, and
shockable rhythms, with either wide QRS complexes (VT) or no QRS complexes at all (VF).

190 Cardiac Defibrillation – Mechanisms, Challenges and Implications AED for Paediatric use, Implications in the Design of Shock Advice Algorithms 9

We have defined a parameter named slope bandwidth (sBW) to identify the presence of QRS
complexes in the slope domain.
First, each 3.2 s ECG segment is preprocessed with an order 10 Butterworth band-pass filter
(0.5 - 30 Hz). Then, the slope of the ECG is estimated as the first difference of the preprocessed
ECG, xecg[n] . Since we are only interested in the relative magnitude of the slope, the first
difference is squared and normalized to amplitude one.

xd[n] = (xecg[n + 1]− xecg[n])2 (1)

xd[n] =
xd[n]

max{xd[n]}
(2)

ECG segments with QRS complexes will show large differences in the values of xd[n], with
peaks around the QRS complexes and valleys for the intervals when the ECG changes slowly.
On the contrary, the values of xd[n] are more evenly distributed for shockable rhythms because
there are no narrow fast changing QRS complexes.
To quantify these differences we define the sBW parameter as the 25th percentile (P25) of the
values of xd[n] scaled by a factor of 1000:

sBW = 1000 · P25 (3)

The value of sBW will be small when narrow QRS complexes are present and large when
wide QRS complexes or no QRS complexes are present. Fig. 4 shows the xd[n] waveforms for
a non-shockable (a) and a shockable segment (b); the figure illustrates how representing the
ECG in the slope domain enhances the presence of QRS complexes.
Table 3 presents the mean sBW per rhythm category for the adult and paediatric records,
including the 1–8 years of age group. The average sBW results show a clear separation
between the shockable and the non-shockable segments for each age category. As expected,
sBW is much larger for VT and VF segments, because shockable rhythms have more evenly
distributed amplitudes in the slope domain. However, the mean sBW value for paediatric
VT is significantly lower than for adult VT (8.85 versus 17.99). Furthermore, SVT rhythms
have larger sBW values, particularly in the paediatric case. Consequently, the least accurate
discrimination based on the slope domain occurs between paediatric VT and SVT.
The shock/no-shock discrimination power of sBW is assessed in terms of its ROC curve,
shown in Fig. 5. The ROC curve depicts the proportion of correctly classified shockable
segments (sensitivity) against the proportion of wrongly classified non-shockable segments
(1-specificity) as the classification threshold (the value of sBW) varies. The optimal operating
point (OOP) was selected to maximize the detection accuracy (number of correct decisions),
which produced a 95.5 % sensitivity and 97.2 % specificity.
Although the global discrimination results are good a detailed analysis reveals that the
SVT/VT discrimination is poorer. The SVT/VT discrimination results for the OOP obtained
for the complete database were: 96.5 % VT sensitivity and 94.8 % SVT specificity in adults and
84.6 % VT sensitivity and 92.2 % SVT specificity in children.
Fig. 6 shows two examples of misclassified VT paediatric segments (the group with lowest
performance). The VT segment in panel (a) presents spiky noise that can be interpreted as QRS
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complexes. The VT segment in panel (b) shows abrupt descents with large slopes, therefore is
classified as non-shockable.
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(a) SVT segment. Large differences in the slope produce low sBW values (0.06).
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(b) VF segment. Fast ventricular activity with an evenly distributed slope produce high sBW values
(34.21).

Fig. 4. Differences in the distribution of the slope, xd[n], between shockable and
non-shockable segments.

Paediatric

Rhythms All patients Adult Total 1y–8y

Non-shockable
NSR 0.18 (0.35) 0.22 (0.50) 0.16 (0.22) 0.16 (0.21)
SVT 0.76 (1.27) 0.65 (1.28) 0.80 (1.26) 0.79 (0.99)

Shockable
VT 15.80 (17.24) 17.99 (18.58) 8.85 (9.01) 8.52 (8.77)
VF 10.66 (7.05) 10.74 (7.20) 10.15 (6.00) 9.40 (4.57)

Table 3. Mean sBW (standard deviation in parenthesis) for the adult and the paediatric
records.
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Fig. 5. ROC curve for the shock/no-shock discrimination based on the sBW parameter.

xecg[n]

0 1.6 3.2

-1.00

0

0.50

xd[n]

0 1.6 3.2

0

1.00

(a) VT segment with QRS like activity (sBW = 0.55).
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(b) VT segment with abrupt descents provoking large slopes (sBW = 0.98).

Fig. 6. Examples of paediatric VT segments misclassified in terms of the sBW parameter.
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4.2 Frequency domain: dominant power and high power content
There are important differences in the power spectral density (PSD) between shockable and
non-shockable rhythms. VT presents regular ventricular beats that frequently appear as a
sinus-like waveform; its power spectral distribution is therefore concentrated around the
frequency of the ventricular rate, the dominant frequency. VF is a more irregular rhythm
so it has a wider band power distribution. Non-shockable rhythms, SVT or NSR, are very
repetitive in time, and present complex waveforms consisting of a P wave, a QRS complex
and T wave. Their power is distributed among the harmonics of the heart rate, and occupies a
much larger bandwidth than for shockable rhythms. We have defined two frequency domain
features to quantify these differences.
First, each 3.2 s ECG segment is preprocessed with an order 10 Butterworth band-pass filter
(0.5 - 30 Hz). Then, we apply a Hanning window with no overlap to the segment and compute
the FFT of the windowed ECG segment, Xecg( f ). The PSD is estimated as the square of the
amplitude of the FFT normalised to a unit area under the curve:

PSD( f ) =
|Xecg( f )|2

∑
f=30
f=0 |Xecg( f )|2

(4)

The first parameter, named PD, measures how concentrated the spectrum is around the
frequency for which the PSD is maximum, the dominant frequency fD. PD is the relative
power content in a Bf =1.2 Hz bandwidth symmetrically distributed around fD:

PD(%) = 100 ·
fD−Bf /2

∑
fD−Bf /2

PSD( f ) (5)

The second parameter measures the power content of the high frequencies. For a cutoff
frequency fH = 12.5 Hz, the relative power content above fH is:

PH(%) = 100 ·
f=30

∑
f=12.5

PSD( f ) (6)

Fig. 7 shows examples of the PSD for the four type of rhythms, and the graphical description
of the two parameters used to quantify these differences. VT rhythms concentrate most of
the power around fD, consequently PD is large and PH is small. For VF rhythms the power
concentrates in a wider band around fD and the power content in the high frequencies is
higher than for VT. On the contrary, rhythms with narrow QRS complexes distribute their
power around several harmonics of the heart rate, PD is therefore smaller and PH larger than
for shockable rhythms. The differences in the spectral separation of the harmonics between
NSR and SVT rhythms are explained by the larger heart rates of SVT.
Tables 4 and 5 list the mean PD and PH for the adult and paediatric records, including the 1–8
years of age group. There is a significant difference in the values of PH between adult and
paediatric NSR segments. This difference is due to the influence of heart rate in the power
content above a fixed fH . Children have faster normal rates, the harmonics of the heart rate
are therefore at higher frequencies and the value of PH is larger. In any case, these values are
well-above those obtained for the shockable segments.
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(a) NSR segment. Narrow QRS complexes produce a large harmonic content, and the power content
of the high frequencies is large: PD = 17.8% and PH = 23.1%.
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(b) SVT segment. Narrow QRS complexes produce a large harmonic content but at higher frequencies
due to the larger heart rates: PD = 33.5% and PH = 33.8%.
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(c) VT segment. Most of the power is concentrated around fD and there is very little power in the
high frequencies: PD = 89.1% and PH = 0.49%.
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(d) VF segment. The power concentrates around fD but with a wider band power distribution, the
power content of the high frequencies is low: PD = 31.6% and PH = 7.2%.

Fig. 7. Examples of the PSD for the four types of rhythms. The differences in the PSD are
reflected in the values of the PD and PH parameters.
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years of age group. There is a significant difference in the values of PH between adult and
paediatric NSR segments. This difference is due to the influence of heart rate in the power
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(b) SVT segment. Narrow QRS complexes produce a large harmonic content but at higher frequencies
due to the larger heart rates: PD = 33.5% and PH = 33.8%.
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(c) VT segment. Most of the power is concentrated around fD and there is very little power in the
high frequencies: PD = 89.1% and PH = 0.49%.
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(d) VF segment. The power concentrates around fD but with a wider band power distribution, the
power content of the high frequencies is low: PD = 31.6% and PH = 7.2%.

Fig. 7. Examples of the PSD for the four types of rhythms. The differences in the PSD are
reflected in the values of the PD and PH parameters.
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Paediatric

Rhythms All patients Adult Total 1y–8y

Non-shockable
NSR 19.4 (8.8) 20.2 (9.6) 19.0 (8.2) 18.7 (8.2)
SVT 32.6 (14.4) 28.9 (14.6) 33.7 (14.2) 35.1 (13.8)

Shockable
VT 82.4 (10.2) 83.5 (10.1) 79.0 (9.8) 79.5 (9.1)
VF 58.2 (18.6) 58.3 (18.4) 57.0 (20.0) 46.2 (19.8)

Table 4. Mean PD (standard deviation in parenthesis) for the adult and the paediatric records.

Paediatric

Rhythms All patients Adult Total 1y–8y

Non-shockable
NSR 27.2 (14.4) 21.6 (13.4) 30.5 (13.4) 33.0 (12.1)
SVT 28.4 (15.0) 25.3 (16.9) 29.3 (14.3) 28.8 (14.0)

Shockable
VT 2.0 (2.1) 1.6 (1.9) 3.1 (2.3) 3.3 (2.4)
VF 2.5 (3.0) 2.2 (2.4) 4.3 (5.2) 4.1 (3.5)

Table 5. Mean PH (standard deviation in parenthesis) for the adult and the paediatric records.

The shock/no-shock discrimination power of PD and PH is assessed in terms of their ROC
curves, shown in Figs. 8 and 9. The sensitivity and specificity for the OOP were 83.4 %
and 92.4 % for the PD parameter, and 93.4 % and 89.6 % for the PH parameter, respectively.
Table 6 shows the sensitivity and the specificity in the SVT/VT discrimination for the OOP
threshold, both for the adult and the paediatric groups. The PD parameter has a very high
VT sensitivity for the paediatric (100 %) and adult (99.0 %) cases4, at the expense of a very
poor SVT specificity (79.0 % and 85.8 %, respectively). However, in the same conditions, the
PH parameter presents a contrary behaviour for the paediatric (79.6 % sensitivity vs 95.6 %
specificity) and adult cases (94.9 % sensitivity vs 82.4 % specificity).

PD PH

SVT/VT discrimination Paediatric Adult Paediatric Adult

VT sensitivity 100 % 99.0 % 79.6 % 95.0 %
SVT specificity 79.0 % 85.8 % 95.6 % 82.4 %

Table 6. SVT/VT discrimination based on the spectral parameters for the adult and the
paediatric cases.

4 VF rhythms are therefore responsible for the total sensitivity decrease, as their values are close to the
SVT values, see Table 4.

196 Cardiac Defibrillation – Mechanisms, Challenges and Implications AED for Paediatric use, Implications in the Design of Shock Advice Algorithms 15

1 – Specificity

S
e
n

s
it

iv
it

y

Optimal Operating Point

PD=44.86, Sens=83.4 %, Spec=92.4 %

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 8. ROC curve for the shock/no-shock discrimination based on the PD parameter.

1 – Specificity

S
e
n

s
it

iv
it

y

Optimal Operating Point

PH=4.86, Sens=93.4 %, Spec=89.6 %

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 9. ROC curve for the shock/no-shock discrimination based on the PH parameter.
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The shock/no-shock discrimination power of PD and PH is assessed in terms of their ROC
curves, shown in Figs. 8 and 9. The sensitivity and specificity for the OOP were 83.4 %
and 92.4 % for the PD parameter, and 93.4 % and 89.6 % for the PH parameter, respectively.
Table 6 shows the sensitivity and the specificity in the SVT/VT discrimination for the OOP
threshold, both for the adult and the paediatric groups. The PD parameter has a very high
VT sensitivity for the paediatric (100 %) and adult (99.0 %) cases4, at the expense of a very
poor SVT specificity (79.0 % and 85.8 %, respectively). However, in the same conditions, the
PH parameter presents a contrary behaviour for the paediatric (79.6 % sensitivity vs 95.6 %
specificity) and adult cases (94.9 % sensitivity vs 82.4 % specificity).

PD PH

SVT/VT discrimination Paediatric Adult Paediatric Adult

VT sensitivity 100 % 99.0 % 79.6 % 95.0 %
SVT specificity 79.0 % 85.8 % 95.6 % 82.4 %

Table 6. SVT/VT discrimination based on the spectral parameters for the adult and the
paediatric cases.

4 VF rhythms are therefore responsible for the total sensitivity decrease, as their values are close to the
SVT values, see Table 4.
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Fig. 8. ROC curve for the shock/no-shock discrimination based on the PD parameter.
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Fig. 9. ROC curve for the shock/no-shock discrimination based on the PH parameter.
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Fig. 10 shows one example of misclassification for each parameter in the frequency domain.
The SVT segment shown in panel (a) has a large harmonic content; however, its power content
around fD is still high (PD=67.7 %). The VT segment in panel (b) has a very high heart rate
(395 bpm, 6.6 Hz), its second harmonic falls above fH and PH is therefore large.
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(a) SVT segment with a large power content around the fundamental frequency, PD = 67.7%.
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(b) VT segment. Fast rate, a significant second harmonic power content above fH , PH = 11.1%.

Fig. 10. Examples of misclassification in the frequency domain parameters.

4.3 Time domain: baseline content
A normal ECG with well defined QRS complexes has long ECG intervals around the baseline
or isoelectric line. These intervals shorten as the heart rate increases. For shockable rhythms,
on the contrary, the proportion of time spent by the ECG around the baseline is low because
of the fast ventricular activity. This difference between non-shockable and shockable rhythms
is related to the presence or absence of QRS complexes. We have defined a parameter named
baseline content (bC). The purpose is not to accurately estimate the isoelectric content but rather
to define a parameter that enhances the differences between rhythms with large and small
isoelectric contents.
First, each 3.2 s ECG segment is preprocessed with an order 10 Butterworth band-pass filter
(5 - 30 Hz). The unusually large low cutoff frequency was selected to eliminate P and T
waves, highlighting the presence of QRS complexes and maximizing the baseline effect. The
preprocessed ECG is then normalised so that the maximum absolute value of the amplitude
of xecg[n] is one,

xecg[n] =
xecg[n]

max{|xecg[n]|} (7)

The bC parameter is computed in the time domain as the proportion of the samples of xecg[n]
in the ±0.1 range. Fig. 11 shows an example of the calculation of this parameter. Segments
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(a) SVT segment. Long isoelectric intervals between QRS complexes; bC = 0.75
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(b) VF segment. Fast ventricular activity with low isoelectric content; bC = 0.20

Fig. 11. Differences in the value of bC for shockable and non-shockable segments. The
waveform of the normalised preprocessed ECG, xecg(n), is very distorted because of the
large low cutoff frequency of the preprocessing filter.

with QRS complexes contain a large proportion of samples in the ±0.1 range, bC is therefore
large. On the other hand, fast ventricular arrhythmias present evenly distributed amplitudes
and bC is small.
Table 7 presents the mean bC per rhythm category for the adult and paediatric records,
including the 1–8 years of age group. For each rhythm type, the differences in the value of bC
between the age groups are small. The largest difference occurs between adult and paediatric
SVT, and is caused by the large difference in HR reported in table 2. As in the other two
domains paediatric SVT is the most difficult to discriminate rhythm.
The shock/no-shock discrimination power of bC is assessed in terms of the ROC curves,
shown in Fig. 12. The total sensitivity and specificity for the OOP were 91.1 % and 92.0 %.
Again the SVT/VT discrimination, particularly for paediatric patients, remains a problem.
Paediatric VT sensitivity is good, 93.2 %, the SVT specificity however is a poor 72.2 %. The
figures are better in the adult case, 95.5 % VT sensitivity and 85.8 % SVT specificity, although
far from reliable for a SAA.
Fig. 13 shows two examples of misclassified SVT paediatric segments. The SVT segment in
panel (a) presents large T waves, the baseline content is therefore low. The SVT segment in
panel (b) shows a similar effect for a faster rate.
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4.3 Time domain: baseline content
A normal ECG with well defined QRS complexes has long ECG intervals around the baseline
or isoelectric line. These intervals shorten as the heart rate increases. For shockable rhythms,
on the contrary, the proportion of time spent by the ECG around the baseline is low because
of the fast ventricular activity. This difference between non-shockable and shockable rhythms
is related to the presence or absence of QRS complexes. We have defined a parameter named
baseline content (bC). The purpose is not to accurately estimate the isoelectric content but rather
to define a parameter that enhances the differences between rhythms with large and small
isoelectric contents.
First, each 3.2 s ECG segment is preprocessed with an order 10 Butterworth band-pass filter
(5 - 30 Hz). The unusually large low cutoff frequency was selected to eliminate P and T
waves, highlighting the presence of QRS complexes and maximizing the baseline effect. The
preprocessed ECG is then normalised so that the maximum absolute value of the amplitude
of xecg[n] is one,

xecg[n] =
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max{|xecg[n]|} (7)

The bC parameter is computed in the time domain as the proportion of the samples of xecg[n]
in the ±0.1 range. Fig. 11 shows an example of the calculation of this parameter. Segments
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Fig. 11. Differences in the value of bC for shockable and non-shockable segments. The
waveform of the normalised preprocessed ECG, xecg(n), is very distorted because of the
large low cutoff frequency of the preprocessing filter.

with QRS complexes contain a large proportion of samples in the ±0.1 range, bC is therefore
large. On the other hand, fast ventricular arrhythmias present evenly distributed amplitudes
and bC is small.
Table 7 presents the mean bC per rhythm category for the adult and paediatric records,
including the 1–8 years of age group. For each rhythm type, the differences in the value of bC
between the age groups are small. The largest difference occurs between adult and paediatric
SVT, and is caused by the large difference in HR reported in table 2. As in the other two
domains paediatric SVT is the most difficult to discriminate rhythm.
The shock/no-shock discrimination power of bC is assessed in terms of the ROC curves,
shown in Fig. 12. The total sensitivity and specificity for the OOP were 91.1 % and 92.0 %.
Again the SVT/VT discrimination, particularly for paediatric patients, remains a problem.
Paediatric VT sensitivity is good, 93.2 %, the SVT specificity however is a poor 72.2 %. The
figures are better in the adult case, 95.5 % VT sensitivity and 85.8 % SVT specificity, although
far from reliable for a SAA.
Fig. 13 shows two examples of misclassified SVT paediatric segments. The SVT segment in
panel (a) presents large T waves, the baseline content is therefore low. The SVT segment in
panel (b) shows a similar effect for a faster rate.
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Paediatric

Rhythms All patients Adult Total 1y–8y

Non-shockable
NSR 0.65 (0.13) 0.67 (0.14) 0.64 (0.13) 0.65 (0.12)
SVT 0.40 (0.14) 0.49 (0.16) 0.37 (0.13) 0.35 (0.11)

Shockable
VT 0.17 (0.07) 0.16 (0.07) 0.19 (0.06) 0.17 (0.05)
VF 0.21 (0.07) 0.21 (0.07) 0.22 (0.06) 0.23 (0.07)

Table 7. Mean bC (standard deviation in parenthesis) for the total, the adult and the
paediatric records, including the 1–8 years old subgroup.
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Fig. 12. ROC curve for the shock/no-shock discrimination based on the bC parameter.
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(a) SVT segment with large T waves (bC = 0.08) .
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Fig. 13. Examples of paediatric SVT segments misclassified in terms of the bC parameter.

5. Discussion and conclusions

The ILCOR recommended the use of AED in children 1–8 years of age in 2003. Two
independent studies provided the scientific evidence for this recommendation (Atkinson et al.,
2003; Cecchin et al., 2001). These contributions demonstrated that two adult algorithms from
commercial AED accurately identified paediatric non-shockable rhythms and paediatric VF.
In both studies, the overall specificity was above 99 % and the VF sensitivity above 95 %.
However, both studies failed in the accurate classification of rapid VT; Cecchin et al. reported
a 71 % VT sensitivity, and the results from Atkinson et al. were not significant because their
database only contained three instances of shockable VT. These two studies represent the first
alternative for the design of SAA adapted for paediatric use, which consists on proving that a
SAA designed for adult patients is suitable for paediatric patients
The differences between paediatric and adult arrhythmias might explain the poor VT
sensitivity results; in particular, the higher rates of paediatric SVT. A related problem is that, as
indicated in the ILCOR statement, heart rate oriented SAA designed for adult patients might
identify high rate paediatric SVT as shockable. Atkins et al. (Atkins et al., 2008) addressed
this difficulty when they showed how an SAA designed for adult patients failed to accurately
identify non-shockable paediatric SVT, the SVT specificity was 87 %. They increased the SVT
specificity to 99.6 % by applying specific detection criteria to paediatric rhythms. This study
proposes a second alternative for the design of paediatric SAA, namely changing the detection
criteria fixed for adult patients to accurately detect paediatric arrhythmias.
The current literature only covers ventricular arrhythmia detection algorithms developed and
tested using arrhythmias from adult patients, and the validation of complete AED SAA in
children. In this work, we have analysed the feasibility of a third alternative, oriented to the
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Paediatric

Rhythms All patients Adult Total 1y–8y
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Table 7. Mean bC (standard deviation in parenthesis) for the total, the adult and the
paediatric records, including the 1–8 years old subgroup.
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Fig. 12. ROC curve for the shock/no-shock discrimination based on the bC parameter.
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design of a SAA but including adult and paediatric rhythms in the design of the algorithm.
Consequently, a significant database of adult and paediatric arrhythmias is needed from
the early stages of the process. Obtaining shockable paediatric arrhythmias is particularly
challenging because fatal ventricular arrhythmias are scarce in children. We describe the
process of gathering and classifying a database of adult and paediatric rhythms compliant
with the AHA statement. This laborious and complex task involved emergency services,
hospitals and, in particular, expert cardiologists to classify the records and biomedical
engineers to manage and store the data.
We have dedicated a section to analyse the heart rate of the records in our database, and
to asses the differences in heart rate between children and adults. Our analysis shows that
the discrimination of shockable rhythms based on the heart rate may be accurate with adult
patients but not valid for children, due to the higher rates of paediatric SVT. Consequently,
rate-oriented SAA designed for adults will present a low specificity for paediatric SVT, which
confirms the findings of Atkins et al (Atkins et al., 2008).
The core of the chapter is dedicated to the analysis of the ECG in the slope, time and frequency
domains. We define four easily computable parameters to quantify the differences between
shockable and non-shockable rhythms. These parameters were designed to be independent
of the heart rate and therefore less influenced by the age of the patient.
After the analysis, we conclude that the parameters are to a great degree independent of
the heart rate. There are, however, small differences between paediatric and adult patients
for some rhythm types. For example, the average value of the sBW parameter for VT is
different in adults and children. We have quantified the discrimination capacity of the four
parameters in terms of their ROC curves. As anticipated, there are some borderline cases
between paediatric SVT and VT. In fact, the accurate discrimination of paediatric SVT is a key
aspect when adapting adult AED algorithms for paediatric use. Following this line, Irusta and
Ruiz proposed a SVT/VT discrimination algorithm that could be incorporated to adult and
paediatric AED (Irusta & Ruiz, 2009).
Although the performance of each parameter is not sufficient for a reliable shock/no-shock
discrimination, the parameters can be efficiently combined to accurately identify
non-shockable rhythms with narrow QRS complexes. However, a SAA valid for adult and
paediatric patients based on this strategy must incorporate several additional algorithms
which fall beyond the scope of this work. Those algorithms include: an algorithm for
the detection of non-shockable rhythms with low electrical activity such as asystole or
idioventricular rhythms, an algorithm to discriminate VF (always shockable) from VT
(shockable above a rate threshold) and the protective addition of a SVT/VT discrimination
algorithm to avoid shock diagnoses for fast paediatric SVT.

6. References

Aramendi, E., Irusta, U., Pastor, E. et al. (2010). ECG spectral and morphological parameters
reviewed and updated to detect adult and paediatric life-threatening arrhythmia.,
Physiological Measurement 31(6): 749–761.

Atkins, D. L., Scott, W. A., Blaufox, A. D. et al. (2008). Sensitivity and specificity
of an automated external defibrillator algorithm designed for pediatric patients.,
Resuscitation 76(2): 168–174.

202 Cardiac Defibrillation – Mechanisms, Challenges and Implications AED for Paediatric use, Implications in the Design of Shock Advice Algorithms 21

Atkinson, E., Mikysa, B., Conway, J. A. et al. (2003). Specificity and sensitivity of automated
external defibrillator rhythm analysis in infants and children., Ann Emerg Med
42(2): 185–196.

Biarent, D., Bingham, R., Eich, C. et al. (2010). European Resuscitation Council Guidelines for
Resuscitation 2010 Section 6. Paediatric life support., Resuscitation 81(10): 1364–1388.

Biarent, D., Bingham, R., Richmond, S. et al. (2005). European Resuscitation Council
guidelines for resuscitation 2005. Section 6. Paediatric life support., Resuscitation 67
Suppl 1: S97–133.

Cecchin, F., Jorgenson, D. B., Berul, C. I. et al. (2001). Is arrhythmia detection by
automatic external defibrillator accurate for children?: Sensitivity and specificity
of an automatic external defibrillator algorithm in 696 pediatric arrhythmias.,
Circulation 103(20): 2483–2488.

Chan, T. C., Sharieff, G. Q. & Brady, W. J. (2008). Electrocardiographic manifestations:
pediatric ECG., J Emerg Med 35(4): 421–430.

Finley, J. P. & Nugent, S. T. (1995). Heart rate variability in infants, children and young adults.,
J Auton Nerv Syst 51(2): 103–108.

Irusta, U. & Ruiz, J. (2009). An algorithm to discriminate supraventricular from ventricular
tachycardia in automated external defibrillators valid for adult and paediatric
patients., Resuscitation 80(11): 1229–1233.

Irusta, U., Ruiz, J., Aramendi, E. & de Gauna, S. R. (2008). Amplitude, frequency and
complexity features in paediatric and adult ventricular fibrillation., Resuscitation
77: S53–S53.

Jacobs, I., Nadkarni, V., Bahr, J. et al. (2004). Cardiac arrest and cardiopulmonary resuscitation
outcome reports: update and simplification of the Utstein templates for resuscitation
registries., Circulation 110(21): 3385–3397.

Kerber, R. E., Becker, L. B., Bourland, J. D. et al. (1997). Automatic external defibrillators
for public access defibrillation: recommendations for specifying and reporting
arrhythmia analysis algorithm performance, incorporating new waveforms, and
enhancing safety. A statement for health professionals from the American Heart
Association Task Force on Automatic External Defibrillation, Subcommittee on AED
Safety and Efficacy., Circulation 95(6): 1677–1682.

Larsen, M. P., Eisenberg, M. S., Cummins, R. O. & Hallstrom, A. P. (1993). Predicting
survival from out-of-hospital cardiac arrest: a graphic model., Ann Emerg Med
22(11): 1652–1658.

Myerburg, R. J. (2001). Sudden cardiac death: exploring the limits of our knowledge., J
Cardiovasc Electrophysiol 12(3): 369–381.

Rea, T. D., Eisenberg, M. S., Sinibaldi, G. & White, R. D. (2004). Incidence of EMS-treated
out-of-hospital cardiac arrest in the United States., Resuscitation 63(1): 17–24.

Ruiz de Gauna, S., Ruiz, J., Irusta, U. & Aramendi, E. (2008). Parameters affecting
shock decision in pediatric automated defibrillation., Proc. Computers in Cardiology,
pp. 929–932.

Rustwick, B., Geheb, F., Brewer, J. & Atkins, D. (2007). Electrocardiographic characteristics
for automated external defibrillator algorithms are different between children and
adults., Circulation 116.

203AED for Paediatric Use, Implications in the Design of Shock Advice Algorithms



20 Will-be-set-by-IN-TECH

design of a SAA but including adult and paediatric rhythms in the design of the algorithm.
Consequently, a significant database of adult and paediatric arrhythmias is needed from
the early stages of the process. Obtaining shockable paediatric arrhythmias is particularly
challenging because fatal ventricular arrhythmias are scarce in children. We describe the
process of gathering and classifying a database of adult and paediatric rhythms compliant
with the AHA statement. This laborious and complex task involved emergency services,
hospitals and, in particular, expert cardiologists to classify the records and biomedical
engineers to manage and store the data.
We have dedicated a section to analyse the heart rate of the records in our database, and
to asses the differences in heart rate between children and adults. Our analysis shows that
the discrimination of shockable rhythms based on the heart rate may be accurate with adult
patients but not valid for children, due to the higher rates of paediatric SVT. Consequently,
rate-oriented SAA designed for adults will present a low specificity for paediatric SVT, which
confirms the findings of Atkins et al (Atkins et al., 2008).
The core of the chapter is dedicated to the analysis of the ECG in the slope, time and frequency
domains. We define four easily computable parameters to quantify the differences between
shockable and non-shockable rhythms. These parameters were designed to be independent
of the heart rate and therefore less influenced by the age of the patient.
After the analysis, we conclude that the parameters are to a great degree independent of
the heart rate. There are, however, small differences between paediatric and adult patients
for some rhythm types. For example, the average value of the sBW parameter for VT is
different in adults and children. We have quantified the discrimination capacity of the four
parameters in terms of their ROC curves. As anticipated, there are some borderline cases
between paediatric SVT and VT. In fact, the accurate discrimination of paediatric SVT is a key
aspect when adapting adult AED algorithms for paediatric use. Following this line, Irusta and
Ruiz proposed a SVT/VT discrimination algorithm that could be incorporated to adult and
paediatric AED (Irusta & Ruiz, 2009).
Although the performance of each parameter is not sufficient for a reliable shock/no-shock
discrimination, the parameters can be efficiently combined to accurately identify
non-shockable rhythms with narrow QRS complexes. However, a SAA valid for adult and
paediatric patients based on this strategy must incorporate several additional algorithms
which fall beyond the scope of this work. Those algorithms include: an algorithm for
the detection of non-shockable rhythms with low electrical activity such as asystole or
idioventricular rhythms, an algorithm to discriminate VF (always shockable) from VT
(shockable above a rate threshold) and the protective addition of a SVT/VT discrimination
algorithm to avoid shock diagnoses for fast paediatric SVT.

6. References

Aramendi, E., Irusta, U., Pastor, E. et al. (2010). ECG spectral and morphological parameters
reviewed and updated to detect adult and paediatric life-threatening arrhythmia.,
Physiological Measurement 31(6): 749–761.

Atkins, D. L., Scott, W. A., Blaufox, A. D. et al. (2008). Sensitivity and specificity
of an automated external defibrillator algorithm designed for pediatric patients.,
Resuscitation 76(2): 168–174.

202 Cardiac Defibrillation – Mechanisms, Challenges and Implications AED for Paediatric use, Implications in the Design of Shock Advice Algorithms 21

Atkinson, E., Mikysa, B., Conway, J. A. et al. (2003). Specificity and sensitivity of automated
external defibrillator rhythm analysis in infants and children., Ann Emerg Med
42(2): 185–196.

Biarent, D., Bingham, R., Eich, C. et al. (2010). European Resuscitation Council Guidelines for
Resuscitation 2010 Section 6. Paediatric life support., Resuscitation 81(10): 1364–1388.

Biarent, D., Bingham, R., Richmond, S. et al. (2005). European Resuscitation Council
guidelines for resuscitation 2005. Section 6. Paediatric life support., Resuscitation 67
Suppl 1: S97–133.

Cecchin, F., Jorgenson, D. B., Berul, C. I. et al. (2001). Is arrhythmia detection by
automatic external defibrillator accurate for children?: Sensitivity and specificity
of an automatic external defibrillator algorithm in 696 pediatric arrhythmias.,
Circulation 103(20): 2483–2488.

Chan, T. C., Sharieff, G. Q. & Brady, W. J. (2008). Electrocardiographic manifestations:
pediatric ECG., J Emerg Med 35(4): 421–430.

Finley, J. P. & Nugent, S. T. (1995). Heart rate variability in infants, children and young adults.,
J Auton Nerv Syst 51(2): 103–108.

Irusta, U. & Ruiz, J. (2009). An algorithm to discriminate supraventricular from ventricular
tachycardia in automated external defibrillators valid for adult and paediatric
patients., Resuscitation 80(11): 1229–1233.

Irusta, U., Ruiz, J., Aramendi, E. & de Gauna, S. R. (2008). Amplitude, frequency and
complexity features in paediatric and adult ventricular fibrillation., Resuscitation
77: S53–S53.

Jacobs, I., Nadkarni, V., Bahr, J. et al. (2004). Cardiac arrest and cardiopulmonary resuscitation
outcome reports: update and simplification of the Utstein templates for resuscitation
registries., Circulation 110(21): 3385–3397.

Kerber, R. E., Becker, L. B., Bourland, J. D. et al. (1997). Automatic external defibrillators
for public access defibrillation: recommendations for specifying and reporting
arrhythmia analysis algorithm performance, incorporating new waveforms, and
enhancing safety. A statement for health professionals from the American Heart
Association Task Force on Automatic External Defibrillation, Subcommittee on AED
Safety and Efficacy., Circulation 95(6): 1677–1682.

Larsen, M. P., Eisenberg, M. S., Cummins, R. O. & Hallstrom, A. P. (1993). Predicting
survival from out-of-hospital cardiac arrest: a graphic model., Ann Emerg Med
22(11): 1652–1658.

Myerburg, R. J. (2001). Sudden cardiac death: exploring the limits of our knowledge., J
Cardiovasc Electrophysiol 12(3): 369–381.

Rea, T. D., Eisenberg, M. S., Sinibaldi, G. & White, R. D. (2004). Incidence of EMS-treated
out-of-hospital cardiac arrest in the United States., Resuscitation 63(1): 17–24.

Ruiz de Gauna, S., Ruiz, J., Irusta, U. & Aramendi, E. (2008). Parameters affecting
shock decision in pediatric automated defibrillation., Proc. Computers in Cardiology,
pp. 929–932.

Rustwick, B., Geheb, F., Brewer, J. & Atkins, D. (2007). Electrocardiographic characteristics
for automated external defibrillator algorithms are different between children and
adults., Circulation 116.

203AED for Paediatric Use, Implications in the Design of Shock Advice Algorithms



22 Will-be-set-by-IN-TECH

Samson, R. A., Berg, R. A., Bingham, R. et al. (2003). Use of automated external defibrillators
for children: an update: an advisory statement from the pediatric advanced life
support task force, International Liaison Committee on Resuscitation., Circulation
107(25): 3250–3255.

Schwartz, P. J., Garson, A., Paul, T. et al. (2002). Guidelines for the interpretation of the
neonatal electrocardiogram. A task force of the European Society of Cardiology., Eur
Heart J 23(17): 1329–1344.

Sirbaugh, P. E., Pepe, P. E., Shook, J. E. et al. (1999). A prospective, population-based study
of the demographics, epidemiology, management, and outcome of out-of-hospital
pediatric cardiopulmonary arrest., Ann Emerg Med 33(2): 174–184.

Valenzuela, T. D., Roe, D. J., Cretin, S. et al. (1997). Estimating effectiveness of cardiac arrest
interventions: a logistic regression survival model., Circulation 96(10): 3308–3313.

Waalewijn, R. A., Nijpels, M. A., Tijssen, J. G. & Koster, R. W. (2002). Prevention of
deterioration of ventricular fibrillation by basic life support during out-of-hospital
cardiac arrest., Resuscitation 54(1): 31–36.

204 Cardiac Defibrillation – Mechanisms, Challenges and Implications

Part 4 

ICD Implications 



22 Will-be-set-by-IN-TECH

Samson, R. A., Berg, R. A., Bingham, R. et al. (2003). Use of automated external defibrillators
for children: an update: an advisory statement from the pediatric advanced life
support task force, International Liaison Committee on Resuscitation., Circulation
107(25): 3250–3255.

Schwartz, P. J., Garson, A., Paul, T. et al. (2002). Guidelines for the interpretation of the
neonatal electrocardiogram. A task force of the European Society of Cardiology., Eur
Heart J 23(17): 1329–1344.

Sirbaugh, P. E., Pepe, P. E., Shook, J. E. et al. (1999). A prospective, population-based study
of the demographics, epidemiology, management, and outcome of out-of-hospital
pediatric cardiopulmonary arrest., Ann Emerg Med 33(2): 174–184.

Valenzuela, T. D., Roe, D. J., Cretin, S. et al. (1997). Estimating effectiveness of cardiac arrest
interventions: a logistic regression survival model., Circulation 96(10): 3308–3313.

Waalewijn, R. A., Nijpels, M. A., Tijssen, J. G. & Koster, R. W. (2002). Prevention of
deterioration of ventricular fibrillation by basic life support during out-of-hospital
cardiac arrest., Resuscitation 54(1): 31–36.

204 Cardiac Defibrillation – Mechanisms, Challenges and Implications

Part 4 

ICD Implications 



 14 

Role of Implantable Cardioverter  
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1. Introduction 
The number of patients suffering from chronic kidney disease (CKD) and end-stage renal 
disease (ESRD) is increasing worldwide (Ansell et al., 2007; National Institutes of Health, 
2009). Mortality is high with cardiac disease being the primary cause of death, especially in 
long-term dialysis patients (84.5 per 1000 patient years) (National Institutes of Health, 2009). 
Yearly mortality is ~4% in dialysis patients younger than 20 years but rises gradually to 
35% in patients older than 65 years. Ventricular arrhythmias account for >60% of all sudden 
cardiac deaths (SCD) (Bleyer et al., 2006; Eknoyan et al., 2002; Wanner et al., 2005). A 
retrospective analysis of the Multicenter Automatic Defibrillator Implantation Trial showed 
a correlation between renal function and risk of SCD (Goldenberg et al., 2006). For each 10 
unit reduction in estimated glomerular filtration rate (eGFR), the risk of all-cause mortality 
and SCD increased by 16% and 17%, respectively.  
Outcome after a cardiac arrest is poor. Most dialysis patients die immediately or within 30 
days after a cardiac arrest (Herzog et al., 2005). Measures aimed at modifying risk factors 
and preventing this catastrophic outcome are urgently needed (De Bie et al., 2009; Passman 
et al., 2011; Young, 2011). 

2. Risk factors for sudden cardiac death 
In the general population, ischaemic heart disease and moderate to severe left ventricular 
systolic dysfunction are the major risk factors for SCD (National Institutes of Health, 2009). 
CKD patients often suffer from significant cardiovascular morbidity (hypertension, diabetes, 
vascular disease). However, the exact pathophysiology of SCD in dialysis patients is not fully 
understood and includes risk factors specifically related to end-stage renal disease. Left 
ventricular hypertrophy (LVH) is one potential factor. It is very common in dialysis patients 
and often accompanied by microvascular disease and marked interstitial fibrosis which is 
more pronounced than in non-renal patients with similar degrees of LVH (Amann et al., 1998). 
Other cardiac abnormalities associated with CKD are functional and structural changes of 
intramyocardial arteries, reduced capillary density and abnormalities of myocardial 
metabolism leading to reduced myocardial perfusion reserve (Amann & Ritz, 1997). Increased 
sympathetic activity has also been identified as a cause for the increased risk of SCD 
(Nishimura et al., 2010). Recent hospitalization, malnutrition, inflammatatory processes and 
use of catheter for dialysis access are also markers of increased risk (Pun et al., 2011). 
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Several studies have reported a temporal relationship between SCD and the haemodialysis 
procedure (Bleyer et al., 2006; Karnik et al., 2001; Pun et al., 2011). Reports suggest that 20-
30% of dialysis treatments are complicated by intradialytic hypotension. 
Electrocardiographic, isotopic and echocardiographic investigations have confirmed that 
periods of subclinical myocardial ischaemia and myocardial stunning occur during 
haemodialysis (Selby & McIntyre, 2007). Large fluid and electrolyte shifts, low dialysis dose 
and low pre-dialysis potassium levels are contributing factors (Bleyer et al., 2006; Karnik et 
al., 2001; Port et al., 2002 Pun et al., 2011). Rates of SCD per dialysis session range from 3.4 in 
100.000 to 7.0 in 100.000 dialysis sessions in the outpatient setting and to 12.5 in 100.000 
dialysis sessions in hospital-based haemodialysis units (Bleyer et al., 2006; Lafrance et al., 
2006). Cardiac arrests are more common on the first dialysis day after a 2-day hiatus (Davis 
et al., 2008). The risk is particularly high during and immediately after haemodialysis rather 
than pre-dialysis. Concomitant beta-blocker therapy is beneficial. The risk also declines after 
renal transplantation.  
Data on the incidence of SCD in patients treated with peritoneal dialysis is sparse. Wang et 
al reported a 25% incidence of SCD in 230 peritoneal dialysis patients which is similar to 
that in haemodialysis patients (Wang et al., 2010). As fewer abrupt electrolyte shifts occur 
with peritoneal dialysis than with haemodialysis, it supports the hypothesis that SCD in 
dialysis patients is predominantly caused by abnormalities of the myocardium common in 
ESRD rather than the type of dialysis.  

3. Interventions to reduce the risk of sudden cardiac death 
3.1 Medical interventions 
There is evidence from observational and interventional studies that beta-blocker therapy 
improves outcome in dialysis patients, especially after a cardiac arrest (Cice et al., 2003; 
Foley et al., 2002; Pun et al., 2007). However, despite this benefit, less than 30% of 
haemodialysis patients are prescribed beta-blocker therapy (Abbott et al., 2004).  
The role of statins in preventing SCD in dialysis patients remains uncertain. The 4D 
study evaluated the effectiveness of atorvastatin in 1255 haemodialysis patients with 
diabetes mellitus and found no beneficial effect on cardiovascular mortality, non-fatal 
myocardial infarction and stroke despite a reduction in LDL cholesterol (Wanner et al., 
2005). In contrast, a meta-analysis by Strippoli et al demonstrated that statin therapy in 
CKD patients significantly reduced lipid concentrations and led to a 20% reduction in 
non-fatal cardiovascular events (Strippoli et al., 2008). There was no benefit on all-cause 
mortality.  

3.2 Role of implantable cardioverter defibrillator for primary prophylaxis 
In patients suffering from reduced left ventricular ejection fraction (LVEF), implantable 
cardioverter defibrillators (ICD) have emerged as the most effective treatment to reduce the 
risk of SCD. ICD implantation is recommended for the primary prevention of sudden 
cardiac death in patients with Class II and III congestive heart failure and decreased LVEF. 
In patients with refractory heart failure, cardiac resynchronization therapy has been shown 
to improve symptoms, reduce hospitalizations, and reduce mortality. However, patients 
with advanced CKD were excluded from most ICD trials despite the fact that the prevalence 
of left ventricular dysfunction in dialysis patients is reported to be in the vicinity of 14% 
(Mark et al., 2006). 
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Data from retrospective analyses showed that CKD patients treated with an ICD for primary 
prophylaxis against SCD had better outcomes compared to CKD patients treated with 
conventional therapy alone (Hager et al., 2010). However, there is evidence that ICD efficacy 
is dependent on renal function. 958 patients with left ventricular dysfunction who had 
undergone ICD placement for primary prevention of SCD were stratified into 5 groups 
according to their CKD stage. The median survival time for patients with stage I to V was 
78, 90, 80, 42 and 21 months, respectively (p<0.0001), and the likelihood of death at 1 year 
was significantly greater for patients with CKD stage IV or V than for those with stage I. 
Goldenberg et al came to similar conclusions in their retrospective analysis of patients 
enrolled into the Multicenter Automatic Defibrillator Implantation Trial (Goldenberg et al., 
2006). ICD therapy was only associated with a survival benefit in patients with eGFR ≥ 35 
ml/min/1.73m2 but not in patients with eGFR <35ml/min/1.73m2. Using a decision 
analysis model of primary prevention ICD implantation, Amin et al showed that ICD 
implantation in patients with CKD stage V was only favoured in those aged <65 years 
(Amin et al., 2008).  
The benefit of ICD therapy in dialysis patients is questionable. To date, no randomized 
clinical trials have been performed in this area.  Khan et al reported the impact of ICDs on 
survival in 78 patients with advanced CKD of whom 45 patients were on dialysis (Khan et 
al., 2010). In the dialysis cohort, ICD therapy did not impact survival whereas in CKD 
patients not on dialysis, survival was significantly better in patients with an ICD (2-year 
survival 80% versus 54%; p=0.027). This benefit persisted after adjusting for gender, race, 
eGFR, digoxin use and presence of coronary heart disease, heart failure, or hypertension.   
A meta-analysis on the outcome of patients with an ICD included data of 7 studies with a 
total of 2516 patients and 89 patients receiving dialysis (Sakhuja et al., 2009). Despite an ICD, 
dialysis patients had a 2.7 fold higher mortality compared to those not on dialysis. The 
authors came to the conclusion that ICD therapy did not appear to close the mortality gap 
between dialysis patients and those not receiving dialysis. This lack of benefit from ICDs in 
patients with advanced CKD may be explained by more advanced coronary artery disease, 
concomitant left ventricular hypertrophy, higher propensity for electrolyte imbalances and 
higher infection risk, all leading to increased susceptibility to arrhythmias and refractoriness 
to treatment (Dasgupta et al., 2007; Wase et al., 2004). Another proposed mechanism for the 
reduced benefit may be resistance to ICD therapy with declining renal function. Wase et al 
found that >35% of dialysis patients had elevated defibrillation thresholds compared to 
<10% among patients without CKD (Wase et al., 2004). 

3.3 Role of implantable cardioverter defibrillator for secondary prophylaxis 
Despite the lack of benefit of ICDs in primary prevention of SCDs in dialysis patients, there 
may be a role for ICDs for secondary prevention in survivors of a cardiac arrest. 
Retrospective data showed that in patients who survived for 30 days after a cardiac arrest, 
the median survival in the ICD group was 26 months compared to 11 months in the non-
ICD group (Herzog et al., 2005). However, only 8% of the dialysis patients who survived a 
cardiac arrest episode in fact underwent implantation of an ICD. Patients with an 
unfavorable clinical status post arrest were excluded.  
Considering the high incidence of cardiac deaths in dialysis patients and the cost-
effectiveness of ICDs seen in patients with normal or mildly impaired renal function, there 
is a need for further clinical trials in patients with advanced CKD. Three critical issues 
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Several studies have reported a temporal relationship between SCD and the haemodialysis 
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and low pre-dialysis potassium levels are contributing factors (Bleyer et al., 2006; Karnik et 
al., 2001; Port et al., 2002 Pun et al., 2011). Rates of SCD per dialysis session range from 3.4 in 
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to improve symptoms, reduce hospitalizations, and reduce mortality. However, patients 
with advanced CKD were excluded from most ICD trials despite the fact that the prevalence 
of left ventricular dysfunction in dialysis patients is reported to be in the vicinity of 14% 
(Mark et al., 2006). 
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Goldenberg et al came to similar conclusions in their retrospective analysis of patients 
enrolled into the Multicenter Automatic Defibrillator Implantation Trial (Goldenberg et al., 
2006). ICD therapy was only associated with a survival benefit in patients with eGFR ≥ 35 
ml/min/1.73m2 but not in patients with eGFR <35ml/min/1.73m2. Using a decision 
analysis model of primary prevention ICD implantation, Amin et al showed that ICD 
implantation in patients with CKD stage V was only favoured in those aged <65 years 
(Amin et al., 2008).  
The benefit of ICD therapy in dialysis patients is questionable. To date, no randomized 
clinical trials have been performed in this area.  Khan et al reported the impact of ICDs on 
survival in 78 patients with advanced CKD of whom 45 patients were on dialysis (Khan et 
al., 2010). In the dialysis cohort, ICD therapy did not impact survival whereas in CKD 
patients not on dialysis, survival was significantly better in patients with an ICD (2-year 
survival 80% versus 54%; p=0.027). This benefit persisted after adjusting for gender, race, 
eGFR, digoxin use and presence of coronary heart disease, heart failure, or hypertension.   
A meta-analysis on the outcome of patients with an ICD included data of 7 studies with a 
total of 2516 patients and 89 patients receiving dialysis (Sakhuja et al., 2009). Despite an ICD, 
dialysis patients had a 2.7 fold higher mortality compared to those not on dialysis. The 
authors came to the conclusion that ICD therapy did not appear to close the mortality gap 
between dialysis patients and those not receiving dialysis. This lack of benefit from ICDs in 
patients with advanced CKD may be explained by more advanced coronary artery disease, 
concomitant left ventricular hypertrophy, higher propensity for electrolyte imbalances and 
higher infection risk, all leading to increased susceptibility to arrhythmias and refractoriness 
to treatment (Dasgupta et al., 2007; Wase et al., 2004). Another proposed mechanism for the 
reduced benefit may be resistance to ICD therapy with declining renal function. Wase et al 
found that >35% of dialysis patients had elevated defibrillation thresholds compared to 
<10% among patients without CKD (Wase et al., 2004). 

3.3 Role of implantable cardioverter defibrillator for secondary prophylaxis 
Despite the lack of benefit of ICDs in primary prevention of SCDs in dialysis patients, there 
may be a role for ICDs for secondary prevention in survivors of a cardiac arrest. 
Retrospective data showed that in patients who survived for 30 days after a cardiac arrest, 
the median survival in the ICD group was 26 months compared to 11 months in the non-
ICD group (Herzog et al., 2005). However, only 8% of the dialysis patients who survived a 
cardiac arrest episode in fact underwent implantation of an ICD. Patients with an 
unfavorable clinical status post arrest were excluded.  
Considering the high incidence of cardiac deaths in dialysis patients and the cost-
effectiveness of ICDs seen in patients with normal or mildly impaired renal function, there 
is a need for further clinical trials in patients with advanced CKD. Three critical issues 
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remain: whether there is a role for ICDs in dialysis patients, how to identify those patients 
who would benefit most from such therapies, and how to achieve even greater prevention, 
especially primary prevention. Results from “The Implantable Cardioverter Defibrillator in 
Dialysis patients (ICD2) study” are awaited (De Bie et al., 2008). This prospective 
randomised controlled study is the first trial which evaluates the possible benefit of 
prophylactic ICD therapy for the primary prevention of sudden cardiac death in dialysis 
patients aged 55-80 years with 4-year follow up data.  

4. Conclusions 
Advanced CKD is associated with a high risk of SCD. Prophylactic ICD implantation has a 
beneficial role in patients with eGFR > 35ml/min/m2 but there is less evidence for its use in 
dialysis patients. Until the results of future trials are available, clinical management needs to 
focus on preventive strategies, including regular review of the dialysis prescription, 
avoidance of rapid electrolyte shifts and frequent evaluation of concomitant medication, 
especially cardioprotective drugs.   
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remain: whether there is a role for ICDs in dialysis patients, how to identify those patients 
who would benefit most from such therapies, and how to achieve even greater prevention, 
especially primary prevention. Results from “The Implantable Cardioverter Defibrillator in 
Dialysis patients (ICD2) study” are awaited (De Bie et al., 2008). This prospective 
randomised controlled study is the first trial which evaluates the possible benefit of 
prophylactic ICD therapy for the primary prevention of sudden cardiac death in dialysis 
patients aged 55-80 years with 4-year follow up data.  

4. Conclusions 
Advanced CKD is associated with a high risk of SCD. Prophylactic ICD implantation has a 
beneficial role in patients with eGFR > 35ml/min/m2 but there is less evidence for its use in 
dialysis patients. Until the results of future trials are available, clinical management needs to 
focus on preventive strategies, including regular review of the dialysis prescription, 
avoidance of rapid electrolyte shifts and frequent evaluation of concomitant medication, 
especially cardioprotective drugs.   
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1. Introduction 
Patients with an implantable cardioverter defibrillator (ICD) are not routinely referred to 
Cardiac Rehabilitation (CR) due to fears that exercise may induce ventricular 
tachyarrhythmias. Meta analyses and systematic reviews have shown that a CR program 
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and mortality associated with the CR program, the study examined the increase in 
functional capacity achievable over the course of the CR program, as well as the potential 
improvements possible in QOL measures during the program. 

3. Methodology 

Consecutive patients with an ICD who entered a single comprehensive tertiary CR program 
in Sydney, Australia, from 1997 to 2010 were included. Prospective data was analyzed 
including demographics, past medical history, cardiac risk factors, medications, exercise 
days, dropout status, left ventricular ejection fraction by gated heart pool scan (LVEF,%), 
functional capacity, QOL and outcome indicators, program morbidity, and 1 year mortality 
post CR. 
Exercise capacity was assessed in all patients by functional testing at the beginning of the 
CR program, and an exercise program, including both aerobic and resistive exercise 
regimes, was prescribed. All ICD patients were exercised with a wireless monitor linked to a 
central computer. Exercise capacity after the 6 week CR program was also assessed in 
patients completing the program.  
All patients had education, assessment and counselling sessions as well as exercise training 
as previously described ( Briffa et al., 2009; Zecchin et al., 1999 ). Secondary prevention 
strategies were also emphasized. All patients, including CR drop-outs, were followed-up by 
telephone contact for 1 year post CR. 
Quality of Life (QOL) was objectively measured using two self-report questionnaires, the 
SF-36 ( v1 ) and the DASS21, and was assessed before and after the program.  
The SF-36 (v1) Health Survey is a widely used generic questionnaire with standardized 
scores used to measure physical and social functioning, physical and emotional roles, bodily 
pain, vitality, mental health and general health perceptions (Ware and Sherbourne 1992). 
For this questionnaire, a higher score indicates a better level of physical and social 
functioning, vitality, mental health status and general health. Conversely, a higher score 
indicates a lower level of bodily pain. Cronbach’s scales of the SF-36 (v1) exceed alpha 0.8, 
except for social functioning (a = 0.76). The questionnaire can be compared to previously 
published data describing QOL in the normal Australian population – Australian Bureau of 
Statistics ( ABS ), 1995.  
The DASS21 is a 21 item self-report inventory that yields 3 factors: depression (DEP), anxiety 
(ANX) and stress (STR) (Lovibond S.H. & Lovibond P.F. 1995). The DASS21 is a set of three 
self-report scales (7 items per scale) designed to measure the negative emotional states of 
depression, anxiety and stress.  
The Depression Scale assesses dysphoria, hopelessness, devaluation of life, self-deprecation, 
lack of interest/involvement, anhedonia, and inertia. The Anxiety Scale assesses autonomic 
arousal, skeletal muscle effects, situational anxiety, and subjective experience of anxious 
affect. The Stress Scale is sensitive to levels of chronic non-specific arousal. It assesses 
difficulty relaxing, nervous arousal, and being easily upset/agitated, irritable/over-reactive 
and impatient. In this questionnaire, the higher the score the higher the level of depression, 
anxiety and/or stress.  
The DASS Anxiety Scale correlates 0.81 with the Beck Anxiety Inventory and the DASS 
depression scale correlates 0.74 with the Beck Depression Inventory in its original form, 
DASS42 ( Lovibond P.F.and Lovibond S.H. 1995 ). 
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4. Results 
In the study period, 161 patients with an ICD commenced the CR program on 178 occasions. 
Mean age ( + SD ) was 61 + 10 years, 85% of patients were male, and mean LVEF was 30 + 
10%. 
Medical history included hyperlipidaemia 85%, hypertension 52%, previous myocardial 
infarction 48%, current smoking 29%, diabetes mellitus 26%, chronic obstructive airways 
disease 17%, previous cerebrovascular accident ( CVA ) 11% and depression 11%. 
Cardioactive medications used were beta-blockers 85%, angiotensin converting enzyme 
inhibitors ( ACEI ) or angiotensin receptor blockers 72%, specific antiarrhythmic drugs 17%, 
nitrates 15% and digoxin 10%. Adherence to medication was emphasized, and regularly 
checked with both patients and carers. 
Functional capacity testing was performed in all patients prior to CR commencement. 
Treadmill exercise tests ( EST ) were performed in 78%, 6 minute walk tests ( 6MWT ) in 21% 
and timed up and go tests in 1%. Mean number of exercise sessions attended during the CR 
program was 9 + 7. Program completion rate was 62%, with the drop-out rate for non-
medical reasons being 14%. For those patients who completed CR, the same functional test 
was repeated at the end of the program.  
There were no deaths or ventricular tachyarrhythmias in study patients while they were 
exercising or undergoing a functional capacity test. There were 4 deaths in the study group 
at 1 year follow-up (mortality 2%). Two of these patients died 6 months post CR program, 
and 2 others died while on the program. These latter 2 patients were admitted to hospital 
with heart failure which proved refractory to treatment.  
Other admissions to hospital while patients were on the CR program were for the following 
reasons – acute heart failure 3%, displaced lead 1%, percutaneous interventions 1%, CVA 
0.5%, ICD activations 0.5% and miscellaneous causes 2%. 
Functional capacity increased significantly in patients completing the CR program. For 
those undertaking EST assessment, MET levels rose from 6.9 + 2.2 pre CR to 9.6 + 2.8 post 
CR, p < 0.001. For the 6MWT group, distance walked increased from 373 + 114 metres pre 
CR to 430 + 126 metres post CR, p = 0.04. 
Resting heart rate at the initial functional assessment was 75 + 14 beats/min, rising to  
109 + 21 beats/min at peak exercise ( p < 0.001 ). Systolic BP rose from a baseline of 111 + 
18 mmHg to a peak of 131 + 25 mmHg ( p < 0.001 ) during the initial functional 
assessment.  
For patients completing the CR program, QOL indicators also improved between pre and 
post CR assessments, with respect to most SF-36 domains, and also the DASS21 Depression 
and Anxiety Scales ( Table 1 ). 

5. Discussion 
The patients in this study had significant left ventricular dysfunction, as well as propensity 
for ventricular tachyarrhythmias, but were clinically well enough to commence a CR 
program and to participate in the exercise component which was a key core feature of CR at 
Westmead Hospital. The majority of participants completed the program, and all patients 
were accounted for at follow-up. Standard antifailure therapy was taken by a clear majority 
of patients, with over 80% being on beta blockers and over 70% on ACEI or angiotensin 
receptor blockers. 
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SF-36 Domains (n=77) Pre Program Post Program p-value ABS 1995 Mean 

(n >18,500) 

General Health 62+20 66+21 0.09 72 

Physical Functioning 54+23 74+21 <0.001 83 

Role-Physical 26+37 55+40 0.049 80 

Bodily Pain 65+24 82+22 <0.001 77 

Vitality 54+22 69+19 <0.001 65 

Social Functioning 64+28 82+21 <0.001 85 

Role-Emotional 48+44 72+40 <0.001 83 

Mental Health 72+20 77+18 0.21 76 

Total 108+17 120+16 <0.001  

DASS21 (n=78)     

Depression 7.4+8.8 5.2+7.6 0.006  

Anxiety 6.9+6.8 5.2+6.1 0.005  

Stress 8.4+7.7 7.2+7.5 0.10  

Table 1. QOL assessments pre and post CR in ICD patients. 

5.1 Safety of exercise 
This study extended previous observations that exercise training as well as formal EST 
assessments are safe, and do not promote ICD activations.  
There have been theoretical concerns that ventricular tachyarrhythmias can be provoked by 
adrenergic stimulation, such as occurs with exercise, but the present study and other studies 
of exercise testing or exercise training in patients with ICDs have now consistently shown 
that this concern is not warranted ( Hussein & Thomas 2008 ). While this may in part be 
related to the high usage of beta blockers in the present study, there is data from both 
animal and clinical studies to suggest that exercise training might potentially reduce the 
incidence of ventricular tachyarrhythmias by shifting autonomic balance towards an 
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increase in vagal tone, and by reducing the frequency of ischaemic episodes which may 
trigger arrhythmias ( see reviews by Hussein & Thomas 2008; Lewin, et al., 2001 ).  

5.2 Effects of exercise on functional capacity 
Exercise prescription and training can also improve general physical fitness, and this in turn 
can decrease the likelihood of an early inappropriately fast sinus tachycardia with exercise, 
which could potentially lead to inappropriate ICD discharges if heart rate cut-offs for ICD 
shocks are exceeded. The heart rate response to exercise noted during the CR program can, 
in turn, help optimize the setting of heart rate cut-offs for ICD activation, so helping to 
reduce inappropriate ICD discharges. 
Functional capacity improved substantially during the course of the 6 week CR program 
in this study, but MET levels achieved were still short of the 11-14 MET workloads 
achieved at the Westmead Hospital CR program in patients without ICDs ( Kovoor, et al., 
2006 ). The improvement in MET levels achieved in the Westmead ICD patients was 2-3 
METS on average, which could potentially translate to a substantial reduction in mortality 
( up to 13% reduction for each increase in workload of 1 MET – Kokkinos et al., 2007 ), 
particularly if the improved functional capacity can be maintained after completion of the 
CR program. 
Exercise training in patients with heart failure have demonstrated that most of the benefit 
appears to be the result of peripheral adaptations, although some improvements in cardiac 
function have also been documented ( Briffa et al., 2009; Haykowsky et al., 2007 ). The 
present study did not re-evaluate LVEF at 1 yr post CR, and it is not known whether the low 
1 year mortality observed was due to improvement in left ventricular function. 
Demonstration to patients that they can safely exercise to relatively high workloads without 
setting off the ICD is an important way of building patient confidence and self esteem, as 
well as ensuring that they have improved endurance, reduced fatigue and increased 
muscular strength ( Lampman & Knight 2000 ). This reinforces the desirability of continuing 
a regular exercise program after the CR program has been completed. 

5.3 Effects on quality of life measures 
Psychosocial problems of patients with ICDs include anxiety, depression, insomnia, fear of 
either shocks from the device or device malfunction, and reduced quality of life in general 
(Hussein & Thomas 2008; Sears et al., 2005; Sola & Bostwick 2005). As shown in Table 1, 
QOL in ICD patients in this study was poor when compared with the general Australian 
population, but did improve significantly over the course of the 6 week CR program. This 
study showed significant improvements in QOL indicators as assessed by both the SF-36 
domains and DASS21 scales.  
The improvements in QOL documented in the present study were in the SF-36 domains of 
physical functioning, social functioning, physical and emotional roles, bodily pain and 
vitality. Anxiety and Depression DASS Scales also showed favourable outcomes during the 
course of the CR program. These major benefits probably derive from a combination of 
factors, including exercise training, and active educational and counselling sessions giving 
guidance on general health matters, secondary prevention, lifestyle change and psychosocial 
support. There may be a differential benefit for older and younger age groups ( Crossmann 
et al., 2010 ) but this was not examined in the present study. 
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ICD patients are a heterogeneous group, both from the physical and psychological points of 
view. CR programs should have certain core components including exercise, education and 
psychological interventions. The individual needs of patients will have to be addressed by 
having sufficient flexibility of CR programs so as to tailor the individual programs to the 
needs of the patients. 

6. Conclusion 

This study shows that exercise testing and exercise training is safe in ICD patients who are 
clinically stable, and that exercise does not provoke ventricular tachyarrhythmias. The ICD 
patients also gain significant improvements in functional capacity and QOL outcomes.  
Future studies will need to evaluate whether these benefits are maintained over time. 
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1. Introduction

Sudden cardiac death (SCD) is the main cause of death in the USA with an annual incidence
estimated between 184000 and 462000 (Goldberger et al., 2008). The typical therapy for
preventing SCD is the use of Implantable Cardioverter Defibrillators (ICDs) in patients with
low left ventricular ejection fraction (LVEF). Unfortunately the LVEF has limited sensitivity
and specificity: The majority of SCDs occur in patients with preserved LVEF. Furthermore,
SCD often occurs in active, outwardly healthy people with no known heart disease or other
health problems: Most victims do have heart diseases such as Hypertrophic Cardiomyopathy,
although they are unaware of this fact (Figure 1). ICDs are devices capable of terminating

Fig. 1. Estimates of incidences and absolute numbers of SCD. Arrows indicate that trials such
as MADIT, AVID and CASH have impact on a small population. SCD-HeFT probably affects
a larger population at risk. Anyhow, these subgroups only represent a small part of the
patients at highest risk of SCD (Myerburg et al., 1998).

malignant ventricular arrhythmias (Ventricular Tachycardia and/or Ventricular Fibrillation)
that have recently been in the focus of large primary prevention studies yielding to an increase
of implantation rates (i.e: the SCD-HeFT (Bardy et al., 2005) trial). The substantial number of
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patients that fulfill the last trials criteria, in the face of economical constraints and the possible
adverse effects, have prompted a research of additional arrhythmia risk markers to further
identify patients at highest risk. In fact, the DINAMIT study (Hohnloser et al., 2004) shows
that the use of ICDs can reduce the mortality due to arrhythmic events, but on the other hand,
the overall mortality increases, due probably to the augmentation of heart failure deaths in
the ICD group, presumably due to the ICD interventions. Because of this unprecedented
expansion of ICD implantations, that only in few cases (between 21 to 35%) (Bardy et al., 2005)
leads to an appropriate therapy (arrhythmic events followed by a shock), there is a continuous
interest in a non-invasive predictor for risk-stratification (refer to section 2).
Within the last years, a new methodology is gaining interest in clinical use: Magnetic Field
Imaging (MFI) / Magnetocardiography (MCG) (Yamada & Yamaguchi, 2005). Korhonen
et al. (Korhonen et al., 2006) have performed a pioneer clinical study analyzing the intra
QRS-fragmentation in averaged MCG/MFI data (for a mathematical description of the
method refers to (Link et al., 1994) and (Mueller et al., 1999)), after attempts made using the
high frequencies components of the QRS as marker of risk both in Electrocardiography (ECG)
(Cain et al., 1990) and MCG (Leder et al., 2000). The results have showed the superiority of
the method in comparison to ECG and, in all-cause mortality, an abnormal MFI score together
with a LVEF <30% has shown a positive predictive accuracy (PPA) of 50% and a negative
predictive accuracy (NPA) of 91% (Steinberg & Levitt, 2006). The population considered in
this work was quite small (158 patients after myocardial infarction- MI) and therefore a bigger
perspective clinical study is needed for validating the role of QRS-fragmentation as a risk
stratificator.
In Germany one multi center study (MFI-RISTI) is ongoing to prove the utility of this
parameter in patients prone to ventricular tachycardia (VT). Although pre-trial data in
patients with cardiac dysfunction before implantation of ICDs has been presented, this kind
of study is time consuming (in the order of years, if the follow-up phase is considered). An
alternative approach is to perform retrospective studies on patients with already implanted
ICDs (CORE-AIIM).

2. State of the art

In this section, an overview of the risk stratification methods developed till now is presented
(Toennis & Kuck, 2009). These methods were developed in order to have a more precise
indicator of Ventricular Fibrillation (VF) and /or Ventricular Tachycardia (VT), both in
ischemic and non ischemic patients. The parameters that are used for risk stratification can be
divided into different groups:

• conduction system
– QRS-length
– late potentials

• heterogeneous ventricular repolarization
– QT-interval
– QT-dispersion
– T-wave alternans (TWA)

• imbalance of the autonomic tonus
– heart rate variability (HRV)
– heart rate turbulence (HRT)
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– baroreflex sensitivity (BS)

• left ventricular ejection fraction

• ventricular ectopy

2.1 Conduction system
2.1.1 QRS-length
The QRS-length is the easiest parameter to be determined, by measuring the length of the QRS
complex on a 12-lead ECG. About 2% of the U.S. population has a QRS-length more than 120
ms and about 5% has either a right or left bundle-branch block (BBB). Among the patients with
chronic congestive heart failure, the percentage of those with a QRS-prolongation increases
up to 50%. If only those patients with left BBB (LBBB) are taken into consideration, it can be
proved that LBBB may be considered an independent predictor of cardiovascular mortality
due to SCD. The MADIT-II and the SCD-HeFT studies could not prove a dependence between
QRS-prolongation and VT/VF events in patients with ICDs (Buxton et al., 2005).
QRS-length is not recommended, at this stage, for the risk stratification of SCD.

2.1.2 Late-potentials
Late potentials refer to low amplitude signals that occur after the end of the QRS, due to a
delay of the conduction system. Low amplitude signals cannot be observed in patient with
a BBB since they are hidden; furthermore those signals from regions of scar may also be
obscured if the abnormal region is depolarized during the QRS. The validity of this method
was proved in the CABG-Patch test. ICD implantation did not improve survivals, although
arrhythmic deaths were reduced. Some studies pointed out that late potentials predicted
death due to progressive heart failure rather than SCD (Yi et al., 1996).
The use of this parameter for SCD is not adequately supported at this time. Further studies
are required to assess the utility of this test (Goldberger et al., 2008).

2.2 Heterogeneous ventricular repolarization
2.2.1 QT-interval
QT-interval is the summation of the ventricular action potentials duration. Since it varies with
the heart variability, a corrected definition using the Bazett ’ s formula is used. Although the
reproducibility of the QT-interval is very high, the need for correction makes it difficult to
compare values of this parameter for different patients. There are controversial studies where
the QT-interval was related to higher mortality in patient with low EF, but with different
results (Brendorp et al., 2001; Padmanabhan et al., 2003).
The use of this parameter for risk stratification is not supported.

2.2.2 QT-dispersion
QT-dispersion should reflect the dispersion of the myocardial recovery and should be
associated with arrhythmia risk. There have been numerous studies that related the
QT-dispersion to increased mortality, but no relation was found between QT-dispersion and
outcome (Gang et al., 2003).
The use of this parameter for risk stratification is not supported.

2.2.3 T-wave alternans
T-wave alternans (TWA) is a reflection of repolarization alternans at level of the single cells.
T-wave alternans is a rate-dependent phenomenon and tends to occur at lower heart rates in
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patients prone to ventricular arrhythmias. In order to measure the TWA, a target heart rate
with regular R-R (without ectopic beats present) has to be achieved. Because of this, a high
percentage (from 12 to 41%) of patients that undergo the test, get an undetermined result.
Different studies have been performed, but they have different results (Costantini et al., 2009;
Gold et al., 2008).
Furthermore, it is worth to be remembered that TWA cannot be applied in patients with atrial
fibrillation (AF- 9-30%) and in those who are not allowed to perform physical test (15%).
Finally, TWA cannot be suggested as parameter for risk stratification.

2.3 Imbalance of the autonomic tonus
2.3.1 Heart rate variability
The Heart rate variability (HRV) can be defined as the variation over time of the period
between consecutive heartbeats. It is predominantly dependent on the extrinsic regulation
of the heart rate (HR). It reflects the state of the autonomic nervous system that can be
divided into two branches: the parasympathetic and the sympathetic nervous system.
Normally cardiac arrhythmias occur in patients with enhanced sympathetic and diminished
parasympathetic activity; furthermore the parasympathetic effects on the sinus node could
predict mortality. The HRV can be calculated over a measurement that lasts between 3 and 8
minutes or using an Holter ECG. Atrial Fibrillation is an exclusion criterion for this method.

2.3.1.1 Short-term HRV

The short-term HRV is not reproducible, especially in patients with congestive heart failure.
Moreover, there is a very strong interindividual variation in the relationship between
short-term HRV and parasympathetic effect (Goldberger et al., 2001). For these reasons it
cannot be used as parameter for the risk stratification of SCD.

2.3.1.2 Long-term HRV

In case the long-term HRV is used, the circadian rhythm has to be taken into account as well
as the changes in HR according to the daily activity: This means that the power spectrum (PS)
in the PS analysis is not stationary. In many studies it has been proved that there is an increase
in mortality in those patients with a low HRV, but there is no evidence of a relation between
low HRV and SCD (Gerritsen et al., 2001).
For this reason it cannot be used as parameter for risk stratification of SCD.

2.3.2 Heart rate turbulence
The term Heart Rate Turbulence (HRT) describes short-term fluctuations in sinus cycle length
that follows spontaneous ventricular premature complexes (VPCs) (Schmidt et al., 1999). In
normal subjects, it consists of a short initial acceleration followed by a deceleration of the heart
rate compared with the pre-VPC rate. In order to use this method, at least 15 premature beats
have to be analyzed in patients without AF. It was demonstrated that there is an increase in
mortality in post-MI patients with low HRT.
HRT is a very attractive parameter for risk stratification, but a study involving the relation
between low HRT and SCD has not been performed yet.

2.3.3 Baroreflex sensitivity
The baroreflex mechanism is a central part of the regulation of the cardiovascular system,
particularly in the control of vagal and sympathetic outflow to the heart and the peripheral
circulation. Baroreflex sensitivity (BRS) can be quantified by the analysis of the changes in

224 Cardiac Defibrillation – Mechanisms, Challenges and Implications ICDs and Risk Stratification in
Magnetic Field Imaging 5

heart rate in response to changes in blood pressure. It has been demonstrated that there is a
close link between reduced BRS and increased risk for serious ventricular tachyarrhythmias
(Schwartz et al., 1992).
Although there are studies that suggest the utility of BRS as parameter for risk stratification
of SCD in patients with CHD, further studies and a method to get a more reproducibility
parameter are needed.

2.4 Left Ventricular ejection fraction
LFEF, that measures the left ventricular systolic function, is the most used parameter for the
indication of implantation of an ICD. Reduced LVEF is considered a risk factor for overall
mortality and SCD in the heart failure population. Although the LVEF has been demonstrated
as the strongest independent predictor of SCD, its sensitivity and specificity are very low. In
fact, if ,on the one hand, those persons with low EF have a higher probability to die from SCD,
on the other hand, there is a considerable amount of people that die from SCD and have a
preserved EF.

2.5 Ventricular ectopy and NSVT
Ventricular ectopic beats (VEBs) and non-sustained ventricular tachycardia (NSVT) are
common arrhythmias that appear on the surface electrocardiogram (ECG) as a profound
disturbance of normal cardiac rhythm (Campbell, 1993). In order to study them an
Holter-ECG is necessary. Ectopy beyond 10 VPBs per hour does not affect the risk of mortality.
The positive predictive value of VEBs after MI for predicting VT/VF or death is between 5%
and 15% and the predictive value increases if it is combined with a low LVEF. Furthermore,
patients with non ischemic cardiomyopathy are at increased risk of SCD and frequently have
high grade ventricular ectopy and NSVT (Kron et al., 1988), but the relationship is not valid
in case of ischemic cardiomyopathy. The method has low sensitivity (Toennis & Kuck, 2009).

3. Magnetic field imaging

3.1 Materials
Magnetic field imaging (MFI) is a new non-invasive modality that is able to combine the
recording of external magnetic field (MF) generated by the electrical activity of the heart
using a multi channel magnetic sensor array with its clinically applicable spatio-temporal
visualization. Since heart MFs are very small when compared with the earth magnetic field
(see Figure 2 for comparison), the acquisitions were in the past normally carried out in very
heavy and expensive shielding rooms. With the advent of new technologies it is possible
to redistribute the workload between hardware and software and this makes it possible
the use of MFI in a daily clinical routine. Figure 3 shows an example of MFI acquisition
system (Apollo CXS system). The sensor system is a 55-channels SQUID gradiometer system
arranged in a hexagonal matrix, which covers an area of approximately 28 cm. The patients
lie in a supine position during the recording. The sensor system is placed at approximately
1 cm distance from the anterior chest wall above the heart. For the details concerning the
acquisition and the preprocessing please refer to (Di Pietro Paolo et al., 2011).
The here mentioned MFI recordings were carried out at the Asklepios Hospital St. Georg in
Hamburg (Germany) using an Apollo CXS system (BMDSys Production GmbH, Germany).
Magnetic signals of 172 subjects were recorded: The control group consisted of 20 healthy
volunteers and 44 subjects with normal coronary and normal LVEF, whereas the other group
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Fig. 2. Comparison of selected biomagnetic fields (heart, brain) and environment
disturbances.

Fig. 3. Apollo CXS system: view from the preparation room into the acquisition room soon
before the acquisition is carried out. The patient lies on the bed as close as possible under the
dewar bottom.

consisted of 108 patients with primary prevention indication for ICD implantation, before the
implantation.
The acquisition lasted about 5 minutes. All patients were followed up after implantation. The
primary endpoint was the occurrence of ventricular arrhythmias.
Further information concerning the subjects characteristics can be found in the tables 1 and 2.
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ICD-group volunteers no CHD
N 108 20 44

Male 88(81%) 5(25%) 26(59%)
Female 20(19%) 15(75%) 18(41%)

Age 64 ± 12 39 ± 11 61 ± 11
Diabetes Mellitus 29(27%) 0 9(20%)

Hypertension 76(70%) 0 31(70%)
AF 35(32%) 0 7(16%)

LBBB 32(30%) 0 2(5%)
QRS 120 ± 33 90 ± 18 95 ± 18
LVEF 27 ± 7% n.a. 61 ± 9% 1

β-Blockers 88(81%) 0 25(57%)
Amiodarone 25(23%) 0 2(5%)

Table 1. Subjects Characteristics: number of subjects, sex, medicaments, QRS-length,
percentage of persons with Atrial Fibrillation (AF), Left Bundle Branch Block (LBBB) and Left
Ventricular Ejection Fraction (LVEF).

ICD-group
N 108

Isch. CM 74(69%)
DCM 31(29%)

Other (Brugada, Myocarditis,HOCM) 3(3%)
CABS 29(27%)

NYHA I 17(16%)
NYHA II 47(44%)

NYHA IIII 43(40%)
NYHA IV 1(1%)

ICD 100(93%)
VR 44(41%)
DR 25(23%)

CRT 31(29%)
no ICD 8(7%)

Table 2. ICD-Patients Characteristics: number of patients with Ischemic Cardiomyopathy
(Isch. CM), Dilated Cardiomyopathy (DCM), Hyper-trophic obstructive cardiomyopathy
(HOCM), Coronary artery bypass surgery (CABS), New York Heart Association (NYHA)
Class I, II, III, and IV, ICDs in different typology (single chamber (VR), dual chamber (DR)
and Cardiac Resynchronization Therapy (CRT)).

3.2 Methods-the Fragmentation Index (FI)
As aforementioned, QRS-fragmentation can be very useful for the risk stratification of SCD. A
new parametrization of QRS- fragmentation has been introduced based on the findings of the
past decades in order to make it possible to apply MFI using standardized equipments used
in clinical environment and under clinical routine conditions. Until now, parameterization of

1 data not available for all subjects
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the fragmentation was based on the quantification suggested by (Endt et al., 1998) which in
principle is a measure of the magnitude and number of extrema of the averaged and bandpass
filtered QRS-complex signal. This direct approach has some intrinsic limitations:

• the weighting over the number of extrema makes the parameter very sensitive to the total
noise.

• it only concentrates on one aspect of the fragmentation: the level difference.

• the score is clearly designed as a local quantity, since it refers to the signal of one channel

Furthermore, as already reported by (Mueller et al., 1999) the elementary parameters referring
to a single channel have to be evaluated over all the available sensors with the goal to extract
global values which are typical for the spatio-temporal evolution of the QRS-complex.
Here, the parameterization of the fragmentation without the weighting with the number of
extrema has been proposed. Three parameters were calculated for each QRS interval in each
channel:

1. The signal magnitude between the extrema: step

sstep,i = |y (ti+1)− y (ti)| (1)

2. The sum over the slopes (derivative): slope

sslope,i =
|y (ti+1)− y (ti)|

ti+1 − ti
(2)

3. The length of the linearized signal curve: trace

strace,i =

√
(y (ti+1)− y (ti))

2 + (ti+1 − ti)
2 (3)

In Equation 1 and 2 the time intervals were normalized to an idealized QRS length of 80 ms. In
this way a set of 3 indicators (step, slope and trace), each of them related to the sensor position
was obtained. Mueller et al. (Mueller et al., 1999) pointed out that the availability of a large
array of sensors is important because:

• only channels with high signal to noise ratio (> 40 % of the maximum QRS amplitude) are
worth to be considered.

• channels "close" to the zero line in the dipolar pattern are more easily contaminated by
breathing artifacts.

As a consequence, the maximum (MAX) and the root mean square (RMS) of the calculated
parameters of all sensors satisfying the above mentioned conditions (signal amplitude > 40
% of the maximum QRS amplitude, sensor "far" from zero line) lead to 6 global parameters,
2 (MAX and RMS) for each of the 3 indicators (step, slope, and trace). The final goal was to
obtain a unique scalar parameter. In order to perform the average of the 6 parameters defined
above, a homogeneous metric had to be used. Therefore all parameters were normalized
by the corresponding quadratic mean calculated averaging over a control group defined
previously (eq. 4 and 5). Finally, all values were merged to one global, one dimensional
scalar parameter: the Fragmentation Index (FI). In order to get the normalization parameters
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required before, the RMS was calculated for all six parameters ( indicatorMAX,RMS) on the
basis of the data of the control group:

RMS = μind =

√√√√ 1
N

N

∑
i=1

S2
ind (i) (4)

where N is the number of subjects contributing to the normalization. That way, normalized
parameters were obtained

S∗
ind (i) =

Sind (i)
μind

(5)

A set of 6 normalized parameters, showing the parameterization of the fragmentation, was
defined using the signal averaged and band-pass filtered QRS-complex of the selected MFI
channels. The Fragmentation Index was determined as the averaged value of the six above
introduced parameters.

FI =
1
6 ∑ S∗

ind(MAX,RMS) (6)

Figure 4 shows a graphical view of the three parameters in a filtered QRS-complex. Figure 5

Fig. 4. Schematic explanation of the different fragmentation parameters: a) the difference
between extrema: step, b) the length of the curve: trace, c) the derivative: slope (eq. 1, 2, and 3).

shows an example of channels that are used in the calculation of the global Fragmentation
Index in a patient with low EF. The QRS-fragmentation Index was determined using the
analysis software of Apollo CXS.
Figures 6 shows the QRS-fragmentation into two subjects: Figure 6a shows an example of
QRS-fragmentation in a healthy volunteer whereas figure 6b in a patient with an ischemic
cardiopathy.

4. Results

4.1 Results - MFI before ICD implantation
Preliminary results of the method have been presented in 2010 at the Herbsttagung und
Jahrestagung of the German society of cardiology (Nuernberg) by Toennis et al (Toennis et al.,
2010).
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Fig. 5. Magnetic field map with channels position: The different colors of the channels
correspond to different values of FI from green (low FI) to red (high FI): the transparent
channels correspond to unused channels since too noisy (i.e 29) or too close to the 0 line (i.e:
1).

(a) (b)

Fig. 6. a) QRS-fragmentation of one healthy volunteer (FI=0.994), b) QRS-fragmentation in a
patient with ischemic cardiomyopathy with EF=25% before ICD implantation (FI=2.10).

The QRS-fragmentation index was calculated in the 172 subjects and the 108 patients with
primary prevention indication for ICD implantation had a follow-up of 6.6 months (median
10). There was no event (VT/VF) in the normal group and in those patients with a FI less than
1.25 (normal until light fragmentation). In the ICD group 2 patients died, one for an electrical
storm and the other one for a progressive heart failure. Six patients had ventricular episodes
(6%), 2 of them termined the episode by means of a DC-shock, 2 by using a anti-tachycardia
pacing (ATP) therapy, 1 had one episode before the ICD was implanted (external shock) and
the last one had nsVT that is without therapy. Five had an inadequate therapy (5%) caused in
4 out 5 cases by AF. An histogram of the results is in Figure 7.
This prospective study for validating the use of QRS-fragmentation as predictor for
arrhythmic events needs time. A faster way for evaluating this method is doing retrospective
studies on patients with already implanted ICDs.
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Fig. 7. QRS Fragmentation-Distribution according to the different groups: volunteers (green),
Patients without coronary artery disease and normal EF (blue), patients with primary
indication for ICD (yellow) and patient with ventricular arrhythmia episodes (red).

4.2 Results - MFI after ICD implantation
A preliminary study is presented using follow up data of 10 patients (10 males-0 females,
age 54 ± 8) with already implanted ICD using a post-processing method based on Blind
Source Separation (BSS) in order to extract the cardiac signals from biomagnetic signals that
are disturbed by an ICD (Di Pietro Paolo et al., 2009). Until now, it has not been possible to
perform biomagnetic measurements in patients with ICDs. In fact, the presence of this device
in the thorax (normally located inside the chest on the left shoulder) of the patient leads to
very strong interferences, that are orders of magnitude larger than the biomagnetic signal of
the heart. For this reason, ICDs and pacemakers are among the exclusion criteria for studies
concerning MFI. Di Pietro Paolo et al. (2009) extracted for the first time cardiac signals from
measurements disturbed by an ICD, offering the possibility for a QRS-fragmentation analysis
in such patients. Two out of the 10 patients had a ventricular arrhythmic event and both
of them had a higher fragmentation level when compared to a patient that did not shock
(Figure 8). On the basis of these results, a first retrospective study (MFI-COREAIIM), enrolling
patients with already ICD implanted, has been started.

5. Discussion and conclusion

The gold standard to evaluate the risk to suffer from a VT/VF in future and for the
implantation of an ICD is based on LVEF. LVEF does not directly measure arrhythmogenic
substrate and statistics also show that only about 20% of those individuals, being evaluated
to be at risk on the basis of LVEF, suffer from life threatening VT/VF within two years after
diagnosis, respectively ICD implantation. On the other hand, looking at those persons that
die from SCD there is consent that about 75% of them suffer from a preceding VT/VF episode
before dying suddenly. This means that the LVEF has a small sensitivity and specificity: As
already pointed out previously, the persons that die from SCD knowing to be suffering from
a cardiac disease are only a small percentage when compared to the total number of persons
dying from SCD every year (1/1000/y in the U.S).
There is, for this reason, still the need of non-invasive parameters for risk stratification of
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storm and the other one for a progressive heart failure. Six patients had ventricular episodes
(6%), 2 of them termined the episode by means of a DC-shock, 2 by using a anti-tachycardia
pacing (ATP) therapy, 1 had one episode before the ICD was implanted (external shock) and
the last one had nsVT that is without therapy. Five had an inadequate therapy (5%) caused in
4 out 5 cases by AF. An histogram of the results is in Figure 7.
This prospective study for validating the use of QRS-fragmentation as predictor for
arrhythmic events needs time. A faster way for evaluating this method is doing retrospective
studies on patients with already implanted ICDs.
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Fig. 7. QRS Fragmentation-Distribution according to the different groups: volunteers (green),
Patients without coronary artery disease and normal EF (blue), patients with primary
indication for ICD (yellow) and patient with ventricular arrhythmia episodes (red).

4.2 Results - MFI after ICD implantation
A preliminary study is presented using follow up data of 10 patients (10 males-0 females,
age 54 ± 8) with already implanted ICD using a post-processing method based on Blind
Source Separation (BSS) in order to extract the cardiac signals from biomagnetic signals that
are disturbed by an ICD (Di Pietro Paolo et al., 2009). Until now, it has not been possible to
perform biomagnetic measurements in patients with ICDs. In fact, the presence of this device
in the thorax (normally located inside the chest on the left shoulder) of the patient leads to
very strong interferences, that are orders of magnitude larger than the biomagnetic signal of
the heart. For this reason, ICDs and pacemakers are among the exclusion criteria for studies
concerning MFI. Di Pietro Paolo et al. (2009) extracted for the first time cardiac signals from
measurements disturbed by an ICD, offering the possibility for a QRS-fragmentation analysis
in such patients. Two out of the 10 patients had a ventricular arrhythmic event and both
of them had a higher fragmentation level when compared to a patient that did not shock
(Figure 8). On the basis of these results, a first retrospective study (MFI-COREAIIM), enrolling
patients with already ICD implanted, has been started.

5. Discussion and conclusion

The gold standard to evaluate the risk to suffer from a VT/VF in future and for the
implantation of an ICD is based on LVEF. LVEF does not directly measure arrhythmogenic
substrate and statistics also show that only about 20% of those individuals, being evaluated
to be at risk on the basis of LVEF, suffer from life threatening VT/VF within two years after
diagnosis, respectively ICD implantation. On the other hand, looking at those persons that
die from SCD there is consent that about 75% of them suffer from a preceding VT/VF episode
before dying suddenly. This means that the LVEF has a small sensitivity and specificity: As
already pointed out previously, the persons that die from SCD knowing to be suffering from
a cardiac disease are only a small percentage when compared to the total number of persons
dying from SCD every year (1/1000/y in the U.S).
There is, for this reason, still the need of non-invasive parameters for risk stratification of

231ICDs and Risk Stratification in Magnetic Field Imaging



12 Will-be-set-by-IN-TECH

Fig. 8. Illustration of QRS-fragmentation recorded in two patients with implanted ICD, after
post-processing: a) QRS fragmentation of a shocked patient, b) QRS-fragmentation of a
patients that did not shock: Note the difference in the fragmentation level into the two cases.

patients at highest risk to die from SCD. In this chapter the main non invasive parameters
introduced in the last period have been briefly described, but none of them was able to get
better results when compared to LVEF. Another important point that should be consider is that
most of the non-invasive parameters correlate with all cause of mortality, but the correlation
with SCD is still unclear.
Magnetic Field Imaging can provide another parameter for SCD: the QRS-fragmentation.
The easy application of a 5 minutes MFI examination and the lack of any risk or negative
side-effects for the patient support the suggestion to use MFI as an efficient method to evaluate
individuals risk. QRS fragmentation has already been shown to be a reasonable predictor
for arrhythmic events and mortality in patients with cardiac dysfunction after myocardial
infarction (Korhonen et al., 2006). The QRS-fragmentation was then parameterized to
obtain a stable reproducible and operator-independent parameter: the Fragmentation Index.
This method could complement the new risk stratification guidelines, as stability and
reproducibility of the FI detected by means of non-invasive MFI have been shown. Based
on these findings, two studies are ongoing: one is a prospective study (RISTI) that shows
the correlation between high QRS-fragmentation (calculated before ICD implantation) and
arrhythmic ventricular events whereas the other one is a retrospective study (CORE-AIIM)
that investigates the relation between QRS-fragmentation and events in patients with an
already ICD implanted.
Preliminary results of two ongoing studies have been referred, showing that high
Fragmentation Index correlates (at this point of the trial) with an higher probability to suffer
from a VT/VF.
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1. Introduction 
With increasing awareness of the indications of implantable cardioverter defibrillator (ICD) 
therapy, the number of patients with ICDs has been growing rapidly. Patient with an ICD 
require high-quality care and intense follow-up to ensure safe and effective device 
performance. Given the expanding use and the complexity of these devices, there has been 
an urgent need to improve the safety and cost-effectiveness of ICD follow-up and to 
alleviate the burden of the pacemaker clinics. Remote monitoring is quickly becoming the 
standard of care for surveillance of patients with ICDs and other cardiovascular implantable 
electronic devices (CIED). Transtelephonic data transmission via analog phone lines has 
recently been replaced by sophisticated Internet-based, automatic monitoring systems, 
which enable transmission of ICD performance and therapy data via a mobile monitor 
located in the patient’s home to a secure server. Within minutes, the data are available to the 
physician online via a secure Internet access 24/7.  
Each company employs somewhat different technology and degree of automation in their 
systems. For several years Biotronik was the only company with fully automatic wireless 
data transmission, but recently also the other manufactures have developed GSM-based 
wireless systems. Currently remote monitoring systems are widely used for the surveillance 
of ICD patients in the USA and Europe and their use in the other parts of the world is 
increasing rapidly. We were the first to start using the Medtronic CareLink system in 
Europe in 2004. It has been estimated that at the moment more than 1 000 000 patients with 
CIEDs around the world are using remote monitoring systems. The technology is evolving 
toward fully automated wireless remote monitoring systems which allow instantaneous 
event transmission without any patient involvement and have the ability of rapidly bring to 
the physician attention all significant data. Recent trials have demonstrated that remote 
monitoring reduces clinic burden, and permits early detection of patient and device 
problems, enabling clinically appropriate intervention and an opportunity to enhance 
patient safety. 
In this article, we describe the currently available remote monitoring systems (Table 1), 
review the available evidence in the literature regarding remote ICD follow-up and discuss 
some unresolved issues. In addition, we provide several examples that clarify the benefits of 
the remote ICD monitoring. 
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Manufacturer Name of the system ICD CRT PM ILR 
Biotronik Home Monitoring + + + - 
Boston Scientific LATITUDE + +* - - 
Medtronic CareLink + + + + 
St Jude Medical Merlin.net + + + + 

Table 1. Remote monitoring systems of the major CIED manufactures. ICD = implantable 
cardioverter defibrillator, CRT = cardiac resynchronization therapy with (CRT-D) or 
without defibrillator functions (CRT-D), PM = conventional pacemaker, ILR = implantable 
loop recorder. *The LATITUDE system is currently compatible only with CRT-D devices. 

2. Overview of currently available remote monitoring systems 
Since Biotronik pioneered the technology with FDA approval of their first system in 2001, 
remote monitoring systems have now been introduced by each of the major CIED 
manufacturers. Presently remote monitoring is primarily used for the surveillance of ICD 
systems, but the technology is also feasible for the follow-up of other CIEDs including 
pacemakers (PM), cardiac resynchronization devices (CRT), implantable loop recorders 
(ILR) and implantable cardiovascular monitors (ICM). 
A remote monitoring system consists of an implanted device, a mobile patient monitor, a 
central database in a secure server, and a password-protected website, where clinicians can 
view and analyze the data saved in the memory of the patient's device (Figure 1). Systems 
differ regarding data transfer from the device to the patient monitor. In the early models 
data transfer required patient’s active involvement as he/she had to interrogate the device 
manually with a specific wand. In the more recent systems data transmission is performed 
wirelessly from the implanted device to a patient monitor, but each company employs 
somewhat different technology and degree of automation in their systems. 
 

 

Fig. 1. Components of remote monitoring system. Systems differ regarding data transfer, 
which may require patient’s active involvement or is performed wirelessly from the 
implanted device to a patient monitor. Data from the patient monitor is sent to a central 
database using either an analogue phone landline or via GSM network. The data are 
accessible to the clinical staff on a secure Internet site.  
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Patient initiated remote transmission requires that the patient manually interrogates and 
initiates the data transmission using a telemetry wand incorporated in the home transmitter. 
This encounter may be a scheduled follow-up interrogation or an unscheduled interrogation 
activated by a patient symptom (e.g. ICD shock) or detection of a device alert (audible tone 
or vibration). Wireless technology allows for automatic data transmission without any 
patient interaction. Automatic wireless interrogation requires that the implanted device is 
equipped with an integrated antenna for communication with the transmitter located close 
to the patient (Figure 2). Data transmission is initiated either at pre-scheduled time intervals 
or triggered immediately by programmed device alerts (e.g. abnormal lead impedance, 
delivery of ICD therapies, or changes in hemodynamic status). 
 

 
Fig. 2. An advanced ICD with an internal antenna for wireless data transmission to the 
patient monitor. 

Data from the patient monitor is sent to a central database using either an analogue phone 
landline or via a GSM network. Within minutes from transmission, the processed data are 
accessible to the follow-up physician on a secure Internet webpage when and where he/she 
chooses. Available information includes all data within the device memory, which is 
comparable to the information provided during an in-clinic device follow-up visit. When a 
therapy-relevant event or device status change is detected, remote monitoring system also 
generates an event alert via email, SMS, or fax to the physician while simultaneously 
displaying the severity of alert on the internet website. 
Devices with CRT-delivery have the capability to track the percentage of biventricular 
stimulation and several physiologically diagnostic parameters such as heart rate, heart rate 
variability, and patient activity. Some devices include also fluid status monitoring by 
assessing intrathoracic impedance. Fluid accumulation within the lungs leads to a decrease 
in impedance and provides an early indication of congestion. Remote monitoring system 
automatically generates wireless alert notification when the device detects a loss of CRT 
delivery or a change in hemodynamic status indicating risk for worsening heart failure. 

3. Safety of remote ICD monitoring 
Remote monitoring is easy to use and it provides a feasible alternative for long-term 
surveillance of patients with ICD. It allows the physician to view and analyze transmitted 
device data from any computer in a format similar to the information gathered during a 
typical in-clinic visit (Figure 3). In addition to the device parameters (e.g. battery voltage and 
longevity, lead impedance and trends, automatic capture thresholds) and the summary of 
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stored ventricular and supraventricular arrhythmia episodes, the physician can also review 
the intracardiac electrograms of the arrhythmic events (Figure 4) and a real-time 
electrogram with the presenting rhythm. The information is automatically saved on the 
server for future comparison and analysis. 
 

 
Fig. 3. Example of stored device data in the Medronic CareLink network. The patient had 
had 4 fast VT episodes. 

Studies have shown a >90% successful transmission rate of automatically generated data 
collected by the device within several minutes and no direct safety issues with remote 
monitoring have been identified (Varma et al., 2005). It has been estimated that remote 
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monitoring of ICD patients can potentially diagnose >99,5% of arrhythmia- and device-
related problems (Heidbüchel et al., 2008). In our study physicians were satisfied with the 
performance of the system and found the data comparable to traditional device 
interrogation in the majority of the cases. In 2 of 137 cases, the physicians felt that an in-
office visit would have provided more detailed information of the device function, because 
it was not possible to measure the pacing threshold remotely. 
Remote monitoring systems do not allow remote programming of devices or manual 
determination of pacing thresholds. Although technically feasible, protecting patient safety 
is the primary concern not to enable remote programming yet. Meanwhile, most new 
devices have automatic features to measure pacing and sensing thresholds. The lack of 
possibility for remote programming appears also as an issue of minor relevance during the 
routine ICD follow-up. In a retrospectively analyzed data of 1739 ICD follow-up visits by 
Heidbüchel et al (2008), changes in device programming were made only in 4% of all 
scheduled follow-up visits. Likewise, problems with pacing threshold were detected only in 
0,4% of the evaluations and typically in the early postoperative period. Due to the clustering 
of system-related complications in the early postoperative period, in-clinic visits are 
recommended for the post-implant and after 4-12 weeks follow-ups for patients with remote 
monitoring (Wilkoff et al., 2008). 

4. Efficiency of remote ICD follow-up 
According to the current HRS/EHRA expert consensus on the monitoring of CIEDs, 
patients with an ICD should be followed up in person after implantation and subsequently 
every 3-6 months (Wilkoff et al., 2008). More frequent monitoring may be required when the 
device approaches its elective replacement indicator. During the maintenance phase of 
follow-up and when the patient's medical condition is stable and no anticipated device 
programming is required, follow-ups can be accomplished remotely. It is also recommended 
that any patient with an ICD should be assessed in-clinic once a year. 
Remote monitoring technology reduces the need for hospital visits and may facilitate, 
when needed, visits triggered by clinical event. It has been estimated that remote follow-
up could be used to replace majority of scheduled in-clinic visits, as in only 10% of routine 
follow-ups does device interrogation lead to changes in medical treatment or device 
programming (Heidbüchel et al., 2008). Unscheduled clinic visits initiated by the patient 
due to perceived ICD shocks, other arrhythmic events or system related complications are 
actionable more often, in 40-90% of the cases. Thus, of the majority of the patient-initiated 
unscheduled clinic visits could be managed by remote monitoring with no need to visit 
the device clinic. 
Our results showed that at least two out of three in-clinic visits can replaced by scheduled 
remote monitoring data transmission without compromising the safety of the patients 
(Raatikainen et al. 2008). The data from the TRUST trial demonstrated in the first 
prospective, randomized multicenter study that remote home monitoring with wireless 
automatic daily surveillance can safely and effectively replace conventional in-hospital ICD 
follow-up visits (Varma et al., 2010). The results showed that remote monitoring with only 
one scheduled annual in-clinic visit reduced the overall number of clinic visits by 45% 
without any negatively impact on quality of care or safety of the patients. Remote 
monitoring provided sufficient assessment in the majority of 3-monthly follow-ups, in 85,8% 
of the cases. In addition, the TRUST trial also demonstrated that automatic daily 
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stored ventricular and supraventricular arrhythmia episodes, the physician can also review 
the intracardiac electrograms of the arrhythmic events (Figure 4) and a real-time 
electrogram with the presenting rhythm. The information is automatically saved on the 
server for future comparison and analysis. 
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surveillance provided early detection and notification of both symptomatic and 
asymptomatic arrhythmic events and device system anomalies allowing for earlier 
physician intervention than conventional in-hospital follow-ups. Detection was advanced by 
more than 30 days compared with conventional care.  
According to our data the time needed by the patients for remote data transmission (6.9+3.7 
min) was significantly shorter than the duration of an in-office visit, which took over six 
hours (391+282 min) when the travel time was included in the analysis. The average one-
way distance and travel time to the hospital were 130+95 km (range 3–350) and 182+148 min 
(range 10–670 min), respectively. Most patients (90%) found the system convenient to use 
and classified the time needed for the remote data transmission for all follow-ups as very 
short (21%) or short (69%). 

5. Workflow of the device clinic 
It is obvious that remote monitoring reduces significantly the device clinic workload for 
routine cases by decreasing the number of non-actionable in-clinic visits. In addition, remote 
follow-up requires less physician and technician or nurse time than in-clinic follow-up. In an 
Italian study (Masella et al., 2008), remote follow-up with the CareLink system required on 
average 5 minutes per transmission compared with 15 minutes for in-clinic follow-up. In 
keeping with this, our data indicated that prescheduled data transmission significantly 
alleviated the time burden of the device clinic staff. In our study, two of four in-office visits 
were substituted by remote monitoring. As a result the physicians had at least 45 min and 
the nurses 90 min more time for other activities per patient during the 9-months study 
period, respectively (Raatikainen et al. 2008). New wireless remote monitoring systems 
allow automatic data transmission on a daily basis and instantaneous event transmission 
without any patient involvement. This permits physicians and clinic staff to focus on 
patients who urgently require a consultation for diagnostics or treatment.  
Recently, remote monitoring with automatic data transmission has been shown to improve 
early detection of device malfunction and asymptomatic arrhythmias such as atrial 
fibrillation. On the other hand, it has been postulated that automatic transmission of all 
device- or therapy-related events via a fully automated wireless remote monitoring system 
may pose a challenge to workflow in ICD clinics. Transmitted data should be assessed in a 
regular timely fashion and responded to if events are observed. The remote monitoring 
system quickly and easily identifies patients who need immediate attention by 
automatically reviewing, filtering and communicating clinically relevant patient and device 
status data. Despite daily remote monitoring, the event alert notifications are triggered 
infrequently and most can be managed remotely. In the TRUST trial (Varma et al, 2010), 
about 90% of the alert notifications were managed remotely. Thus, replacement of routine 
in-clinic visits with remote monitoring only slightly raised the number of unscheduled in-
clinic visits (0,7 vs. 0,5 per year). The commonest trigger for the transmission of event alert 
was the detection of atrial tachycardia or atrial fibrillation. In our study there were 18 
unscheduled patient- or physician-initiated data transmissions during the study period. In 
accordance with the results of Varma et al. (2010), all of these were solved remotely and the 
patient did not need to come to the hospital for reassurance. An example of a symptom-
initiated data transmission which was solved remotely is shown in Figure 2. Other events 
which have been commonly diagnosed and treated on the basis of symptom-initiated data 
transmissions include atrial fibrillation and “phantom” shocks. 
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In a study by Nielsen et al (2008), automatic wireless remote monitoring generated event 
notifications for 41% of ICD patients over a 10-month period. Most events caused by 
medical events such as arrhythmias and only about 3% of patients had technical events. 
Probability of any alert event after 1,5 years was 0.50. Less than one (mean of 0,86) event 
notifications was received per 100 patients per day. Ricci et al (2008) reported a mean time 
for remote data analysis of 59 min/week for the nurse and 12 min/week for the physician 
per 117 patient transmissions, when only 6% of events were forwarded to the physician for 
further evaluation. The time effort on the management of patients with remote monitoring is 
likely to reduce even more with the integrated automatic filtering functions. 
 

 
Fig. 4. Patient-initiated unscheduled data transmission. The patient had occasional 
palpitation about once a month. The remote data transmission revealed a fast VT episode 
that was appropriately treated by the device with single burst pace therapy and there were 
no need for an in-office visit. Shown are the interval (V–V) plot (A) and intracardiac ECG (B) 
obtained during the symptoms. In the more advanced systems the episode data would have 
been transmitted automatically. 

6. Effect on patient care and safety 
The information transmitted via the remote monitoring system is comparable to what is 
typically obtained during an in-clinic device follow-up. Hence, it provides the clinician with 
a comprehensive view of how the patient's heart and device are working. In addition, 
automatic remote monitoring early detects silent clinically relevant events and device 
system problems, allowing more timely treatment decisions and intervention. Earlier 
treatment intervention can ultimately result in improved clinical outcomes and reduce 
healthcare costs.  
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Lead failure is a long-term complication of ICD therapy. The annual rate of ICD leads 
requiring intervention increases with time and reaches 20% in 10-year-old leads (Kleemann 
et al., 2007). Inappropriate shocks due to noise oversensing are revealed as the most 
common presentation of lead failure. Studies have shown that early detection of lead failure 
by remote monitoring may reduce the risk of inappropriate ICD shocks (Hauck et al., 2009, 
Spencker et al., 2009). Spencker et al (2009) reported that fewer patients undergoing remote 
monitoring experienced ICD shocks for sensing failure prior to lead revision than those with 
standard in-clinic follow up. Inappropriate shocks occurred in 27,5% of the patients 
followed remotely compared with 46,5% of those followed up in-clinic. In 91% of all 
incidents, remote monitoring system transmitted an early alert message that enabled the 
correct diagnosis of lead failure. By accurately detecting lead failures, remote monitoring 
has also proven to be useful in the follow-up of ICD leads under advisory (Swerdlow et al., 
2008, Theuns et al., 2009, Guédon-Moreau et al., 2010). An example of a lead problem which 
could actually have been detected by remote monitoring already a day before the 
inappropriate shock Figure 3. 
 

 
Fig. 3. Automatic data transmission showing high number of short V-V intervals suggesting 
double counting of R waves, lead fracture or loose set of screw. The impedance of the lead 
increased markedly on 09/10/08, i.e., day before the patient had an inappropriate shock due 
to the lead fracture. 

Recently the CONNECT trial for the first time showed that remote follow-up actually 
creates reliable outcome measures which improves care (Crossley et al., 2011). The study 
measured the time from an adverse event to a clinician’s decision on how to handle it in 
patients with an ICD with or without CRT capabilities randomized to wireless remote 
monitoring with automatic clinician alerts versus standard in-clinic care. The results showed 
that remote monitoring significantly reduced the time from a clinically-actionable event to a 
clinical decision. The median time from a patient’s clinical event (arrhythmias, 
cardiovascular disease progression, and device issues) to the physician’s clinical decision 
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was 22 days for those monitored in-clinic, versus 4.6 days for patients in the remote 
monitoring group. The data also showed that remote monitoring reduced average length of 
cardiovascular hospital stay by 18% (0,7 days). Due to the shorter length of stay, 
cardiovascular hospitalization costs were reduced by an estimated $1,793 per 
hospitalization. Furthermore, the data showed that replacement of routine in-clinic visits 
with remote monitoring did not significantly increase other healthcare utilization, such as 
emergency room visits, cardiovascular hospitalizations, and unscheduled clinic visits. 
 

 
Fig. 4. Inappropriate shock due to lead fracture. Shown are the V-V interval plot and 
intracardiac ECG. It can be seen that the lead fracture resulted in oversensing of noise in the 
VT and fast VT zone which caused an inappropriate shock. 

Inappropriate shocks are due to lead fracture (Figure 4.), misdiagnosis of sinus tachycardia 
(Figure 5.) or rapidly conducted AF/AT episodes are also a major concern among ICD 
recipients. Inappropriate shocks are painful for the patients and also potentially life-
threatening. In a recent analysis (van Rees et al., 2011), the first inappropriate ICD shock 
increased the risk of death by 60%. Mortality risk increased with every subsequent shock. 
Detection of problems such as sinus tachycardia and T-wave oversensing through remote 
monitoring followed by prompt device reprogramming may prevent new episodes that 
could lead to inappropriate therapies (Sacher et al., 2009). 
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double counting of R waves, lead fracture or loose set of screw. The impedance of the lead 
increased markedly on 09/10/08, i.e., day before the patient had an inappropriate shock due 
to the lead fracture. 

Recently the CONNECT trial for the first time showed that remote follow-up actually 
creates reliable outcome measures which improves care (Crossley et al., 2011). The study 
measured the time from an adverse event to a clinician’s decision on how to handle it in 
patients with an ICD with or without CRT capabilities randomized to wireless remote 
monitoring with automatic clinician alerts versus standard in-clinic care. The results showed 
that remote monitoring significantly reduced the time from a clinically-actionable event to a 
clinical decision. The median time from a patient’s clinical event (arrhythmias, 
cardiovascular disease progression, and device issues) to the physician’s clinical decision 
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was 22 days for those monitored in-clinic, versus 4.6 days for patients in the remote 
monitoring group. The data also showed that remote monitoring reduced average length of 
cardiovascular hospital stay by 18% (0,7 days). Due to the shorter length of stay, 
cardiovascular hospitalization costs were reduced by an estimated $1,793 per 
hospitalization. Furthermore, the data showed that replacement of routine in-clinic visits 
with remote monitoring did not significantly increase other healthcare utilization, such as 
emergency room visits, cardiovascular hospitalizations, and unscheduled clinic visits. 
 

 
Fig. 4. Inappropriate shock due to lead fracture. Shown are the V-V interval plot and 
intracardiac ECG. It can be seen that the lead fracture resulted in oversensing of noise in the 
VT and fast VT zone which caused an inappropriate shock. 

Inappropriate shocks are due to lead fracture (Figure 4.), misdiagnosis of sinus tachycardia 
(Figure 5.) or rapidly conducted AF/AT episodes are also a major concern among ICD 
recipients. Inappropriate shocks are painful for the patients and also potentially life-
threatening. In a recent analysis (van Rees et al., 2011), the first inappropriate ICD shock 
increased the risk of death by 60%. Mortality risk increased with every subsequent shock. 
Detection of problems such as sinus tachycardia and T-wave oversensing through remote 
monitoring followed by prompt device reprogramming may prevent new episodes that 
could lead to inappropriate therapies (Sacher et al., 2009). 
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Fig. 5. Event notification via CareLink remote monitoring system. The V-V interval plot 
and the IEGM show inappropriate ATP-therapy delivery due sinus tachycardia. The 
patient was invited to device clinic for reprogramming of the device and adjustment of 
medication. 

Several prospective randomized studies are presently underway on the clinical effectiveness 
of event-triggered active heart failure and AF management though remote monitoring in 
reducing cardiovascular related hospitalizations and mortality in patients with an ICD or a 
CRT-D device. In the ALTITUDE study (Saxon et al., 2010), analysis of a large 
manufacturer’s database of ICD patients undergoing remote monitoring with LATITUDE 
system showed higher survival rates for patients followed remotely than those followed in-
clinic only. Survival outcomes in ALTITUDE appeared also better than those observed 
previously in clinical trials, suggesting that closer management though remote monitoring 
allows to intervene more effectively with impact on survival. 
An additional benefit is that remote monitoring provides convenient means to address the 
situation that the ICD or its leads can become subject to the an official safety advisory 
(“recall”). With remote monitoring, patients with advisory devices can be followed more 
closely, their issues addressed more promptly, and clinicians and device manufacturers get 
exquisitely detailed data on how the device is performing. 
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7. Patient preference 
Several studies have shown a high degree of patient satisfaction with the convenience and 
ease of use of remote monitoring systems (Marzegalli et al., 2008, Masella et al., 2008, 
Raatikainen et al., 2008). From a patient’s perspective, the biggest value of remote 
monitoring is convenience with fewer in-clinic visits and less time traveling to and from 
their clinics. Remote monitoring also leads to greater patient reassurance and improved 
patient follow-up adherence (Varma et al., 2010). Most patients prefer remote monitoring 
over in-clinic visits (Marzegalli et al., 2008, Masella et al., 2008). In TRUST trial, 98% of 
patients elected to retain remote monitoring as a follow-up mode on trial conclusion (Varma 
et al., 2010).  
The current HRS/EHRA expert consensus states that remote monitoring of ICD devices is 
indicated when the patient’s medical condition is stable and no anticipated device 
programming is needed (Wilkoff et al., 2008). The technology is not, however, intended to 
replace direct patient contacts completely. In-clinic visits are recommended for the post-
implant follow-up, after 2-12 weeks  and at least once a year. If the patient’s cardiovascular 
status is unstable, in-clinic visit may be required to address the management of the 
underlying medical problem. The continuation of patient’s clinical follow-up for the heart 
failure management should be ensured regardless of the place of care. 

8. Cost effectiveness 
As a result of expanding indication for use and complexity of the devices, the costs 
associated with ICD follow-up have risen sharply over the past several years. Remote 
monitoring may result in reduced overall costs to the healthcare system, although the cost-
effectiveness will highly depend on differences in national healthcare systems. Potential cost 
savings of remote monitoring would include a reduced number of scheduled in-clinic visits 
and fewer hospitalizations due to early identification of problems followed by prompt 
intervention. It can be calculated that if remote monitoring were to be applied to all the 
patients with new ICDs, the annual saving for the healthcare system in Western Europe, 
would be 16–23 million Euros. In addition, remote monitoring gives physicians extra time to 
counsel patients with critical conditions, ensuring medical efficiency, and better overall 
patient management, which is expected to reduce the cost of the treatment even further. 
The major indirect cost driver in the ICD follow-up is travelling to the hospital. Therefore, 
the greatest cost benefit is expected among patients who live far away from the device clinic 
and are still actively working (not retired). Several studies have evaluated the cost savings 
attributable to remote monitoring of ICD devices (Fauchier et al., 2005, Elsner et al., 2006, 
Raatikainen et al., 2008). The greatest benefit is seen among patients with long traveling 
distances to the device clinic. In a French study (Fauchier et al., 2005), remote monitoring 
appeared cost-effective for patients after a mean follow up of 33.5 months by saving on 
transportation costs. In our study (Raatikainen et al., 2008), replacing two scheduled routine 
in-clinic visits by remote monitoring reduced the total expenditure of ICD follow-up by 524€ 
per patient during the 9-month study period. In addition, an average of 100€ per patient was 
saved, because all unscheduled data transmissions during the study period were solved 
remotely and the patient did not need to come to the hospital for reassurance. Thus, 
depending on the number of unscheduled visits, it was calculated that the annual saving of 
remote monitoring was 524-749€ per patient (Table 2). Further prospective health economic 
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studies are presently underway. They are aimed at assessing the economic impact of remote 
monitoring from the societal perspective and from the healthcare payer’s perspective. 
 

 In-clinic F-U Remote F-U Savings 
Number of scheduled visits   
In-office visits* 164 82  
Remote data transmission** 0 82  
Direct cost    
In-office visit (210 € per visit) 34440.00 € 17220.00 € 17220.00 € 
Remote monitoring (55 € per visit) 0.00 € 4510.00 € -4510.00 € 
Patient fee (22 € per in-office visit) 3608.00 € 1804.00 € 1804.00 € 
Indirect cost   
Traveling (77.68 € per in-office visit) 12195.04 € 6097.52 € 6097.52 € 
Accommodation (20.18 € / night)  40.36 € 20.18 € 20.18 € 
Sickness allowance (44 € / day) 1672.00 € 836.00 € 880.00 € 
Total costs 51955.40 € 30487.70 € 21467.70 € 
Total costs per patient 1267.20 € 743.60 € 523.60 € 

Table 2. Comparison between the cost of ICD follow-up according to the generally applied 
in-clinic follow-up scheme and remote monitoring. Adapted from Raatikainen et al. (2008). 

9. Summary and future directions 
In summary the major benefits of the currently available remote monitoring systems 
include: 
• Improved quality of patient care 
• Improved patient safety 
• More efficient device clinic workflow 
• Increased patient convenience  
• Potential cost savings 
The reality on the ground is that physicians should also have the ability to make 
adjustments to certain programmed ICD parameters remotely. As technology continues to 
evolve, a variety of new applications related to cardiac monitoring will emerge and an 
exponential growth in implementation of remote monitoring for the surveillance of a variety 
of devices including all new ICDs, pacemakers and other implantable disease monitors is 
likely to occur. Meanwhile, a wide range of medico-legal and reimbursement issues needs to 
be resolved before full implementation of the technology. 

10. Conclusions 
Remote monitoring has become the preferred method for ICD follow-up. It provides a 
tremendous convenience for the patients and reduces the burden of in-clinic follow-up on 
healthcare system. Continuous remote monitoring with fully automated wireless system 
also enables early detection of clinically relevant events and alerts physicians, allowing 
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earlier medical intervention that increases the level of patient care. Despite 24/7 
surveillance, the technology is not a substitute for an emergency system and should not 
create a false sense of complete security. 
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The only known effective therapy for lethal disturbances in cardiac rhythm is 
de?brillation, the delivery of a strong electric shock to the heart. This technique 

constitutes the most important means for prevention of sudden cardiac death. The 
efficacy of defibrillation has led to an exponential growth in the number of patients 
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