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1. Introduction

The only effective treatment of ventricular fibrillation, in both clinical and experimental
medicine, is the electrical defibrillation. Although, critical site ablation is feasible in
idiopathic ventricular fibrillation (Knecht et al, 2009), the defibrillation still has remained the
only evidence based, generally accepted treatment of this arrhythmia (Jacobs et al, 2010;
Deakin et al, 2010). Strong evidence supports that external and internal defibrillations can
save the life of patient at risk for sudden cardiac death. Several high-risk groups were
defined and implantable defibrillators significantly prolonged the life of these patients when
compared to the best medical treatment (Maron, 2002; Ezekowitz et al, 2003; Desai et al,
2004; Dalal et al, 2005; Silka et al, 2006; Sacher et al, 2006; Daubert et al, 2007; Rosenheck et
al, 2010). However, the majority of sudden cardiac death victims belong to the low-risk
groups. For this reason, most of the sudden cardiac death cases cannot be protected with
implantable defibrillators (Huikuri et al, 2001). To resolve this paradox, public access
defibrillation was suggested in the high-risk locations (Folk et al, 2010; Winkle et al, 2010;
Kitamura et al, 2010; Eisenberg et al, 2010; Rho et al, 2011). Moreover, most of the sudden
cardiac death cases occur at home, mainly during the early morning hours. Only early
defibrillation may save these patients and to achieve it defibrillators will be available in each
house. Non-professional persons, who may witness the sudden cardiac death, will operate
these home-defibrillators. They cannot verify the success of the intervention and cannot
react immediately with a second shock if the fibrillation continues after the first one and the
defibrillator will not detect the failure. For this reason, the successful defibrillation with the
first shock is even more important and the external defibrillators will be necessarily more
reliable and user-friendly (Rosenheck et al, 2009a).

During the last 25 years, a vast amount of information on clinical and experimental
defibrillation was accumulated. The experimental data was obtained from the effect of shock
on single cell, in small-perfused tissues and whole heart. Until recently, the available
methods did not allow imaging of defibrillation in closed chest models. Mathematical
simulations contributed to the understanding of ventricular fibrillation mechanism and
defibrillation in closed chest models and human subjects.

External and internal factors determine the defibrillation success or failure. Usually, the
external factors, like shock amplitude, location and timing may be modified. These factors
belong to the physical properties of the defibrillators. A computerized automatic
defibrillator has to be flexible, and capable to deliver the most effective defibrillation shock
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when needed. These 3 properties may be integrated and personalized for each individual
patient. However, the location and timing are still not used in the available defibrillators.
The only controllable parameter, in both internal and external defibrillators, is the
amplitude of the delivered shock and it may be unnecessarily very high. The possible
combination of these external shock characteristics will be discussed.

It is more difficult to control the internal than the external factors. This is the reason for
occasional non-reproducibility of the defibrillation outcome in the same subject with the
same shock setting. The propagation of the ventricular fibrillation waveform prior to the
defibrillation, the state of depolarization of the myocardium, spiral waves and singularity
points or lines are only a few of many known and still unknown factors. These internal
determinants will also be discussed and correlated to the above-mentioned external factors.

2. Shock amplitude — Historical and clinical data

More than 100 years ago, it was discovered that a shock might terminate ventricular
arrhythmias. Already at that time it was understood that only a strong shock might be
successful. Many theories were proposed to explain the mechanism of the defibrillation. All
these theories offered reason for the need of a high energy for defibrillations. The first
theory was proposed by Wiggers and was called the “Total Extinction” hypothesis
(Wiggers, 1940). According to it, the energy delivered to the fibrillating heart has to be able
to terminate the electrical activity of the whole myocardium, to create a silent period, and to
allow the normal rhythm to overtake the electrical activity in the heart muscle. Wiggers
sustained that maintaining the fibrillation even in a small mass of myocardium will prevent
resumption of the coordinated activity. Although there is a strong logic in this hypothesis
and is simple and attractive, future experimental evidences did not support it. First of all,
there is no need to terminate the electrical activity in all the myocardial mass. It is enough to
defibrillate only a certain amount of the fibrillating myocardium and the arrhythmia in the
rest of the myocardium is not enough to continue the fibrillation. This hypothesis is called
the “Critical Mass” hypothesis (Zipes et al, 1975). Moreover, it is not enough only to
terminate the arrhythmia, but also it is important to avoid reinitiation of the fibrillation
(Trayanova et al, 2006). Regardless the hypothesis, only a strong shock can terminate and
prevent re-induction of ventricular fibrillation.

2.1 Defibrillation dose-response curve

Because the only measurable parameter was the amplitude of the shock, different methods
were suggested to correlate the shock energy with the success of the defibrillation. This
correlation between the defibrillation energy and the defibrillation success is a sigmoid
dose-response curve (Figure 2.1). At a low energy a small percent of the attempts may still
be successful and the success rate will increase with stronger shocks. The curve achieves a
theoretical plateau at certain energy. As long as the defibrillation was achieved with an
external defibrillator under professional human control, this dose response curve had only
theoretical and academic importance. With the introduction of implantable automatic
defibrillators, the energy had to be programmed from a head, considering the required
success rate of >99%.

In an experimental study, to obtain a dose-response curve, 48 trials had to be performed,
during 192 minutes (Davy et al, 1987). Although this method is the most reliable to
determine the safe programmed energy, it is not acceptable for clinical evaluation. After
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induction of ventricular fibrillation, either intra-operative or at a latter test of the
defibrillation threshold, repeated tests each one with a lower shock-energy are performed.
The testing is stopped when the defibrillation fails and the last successful defibrillation
energy is considered the defibrillation threshold. In experimental models this energy will be
able to defibrillate only 50%-75% of the episodes. The safe energy to program the first shock
of the automatic defibrillator is the plateau energy and this is achieved by doubling the
threshold energy. The desired clinical test is shown in Figure 2.2, but the practiced clinical
protocols are shown in Figure 2.3. These tests were used during the last 20 years. Today,
because the big gap between the threshold and the device capacity, the number of shocks
used for the test is reduced to minimum and even it is seriously questioned (Higgins et al,
2005; Viskin & Rosso, 2008).

% Defibrillation Success

100%

75% e

25% =

5 10 15 20
Shock Energy (Joules)

Fig. 2.1. The sigmoid-dose response curve showing nonlinear correlation between the
defibrillation success and the delivered shock energy. This correlation is reproducible (see
text). To achieve a higher defibrillation success the energy level has to be increased. There is
a saturation level above which practically all the attempts will be successful. Per definition
only 50% of the attempts will be defibrillated successfully at the threshold value. With a
defibrillation energy twice higher than the threshold value the success rate is above 90%.
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Fig. 2.2. The desired clinical defibrillation threshold testing. The immediately higher energy
before the first failed attempt is considered the defibrillation threshold.

Successful

B.

A. -
_
24 Joules | 2| 24]Joules > 24 Joules F% 24-25 Joules
Successful / 20 Joules
ﬂ—" ailed
24 Joules
16 Joules
Successful
\ Y
\ Failed
Failed 12 Joules
Successful
18 Joules i
SuccesstN A
18 Joules | 18 joules D 18 Joules 6-10 Joules
>

Successful

Fig. 2.3. Clinical protocols. A. Two-step fortified test. B. Multi-step test. For both test the last
effective defibrillation energy is considered the DFT or best-predicted DFT (DFT-
defibrillation threshold). If the highest acceptable energy is not effective, lead revision is

recommended or addition of subcutaneous lead system. Today a single energy test is
recommended (see text). Moreover, there is no unanimous agreement on the necessity of

DFT testing at all (see text).
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When the more simplified defibrillation threshold testing (Figure 2.3B) was compared with
the dose-response curve, the EDsq (the energy with 50% defibrillation success rate) was
similar with the defibrillation threshold described above (Jones, 1991). Subsequently, more
limited test (Figure 2.3A) was suggested and extensively used in clinical practice. This
testing is based on induction of ventricular fibrillation and defibrillation with the same
shock energy at least 3-4 times, consecutively (Figure 2.3A). If during one of the tests the
defibrillation failed, a higher energy was tested, again 3-4 times. If the first energy was
successful at all the attempts, it was accepted as the defibrillation threshold. If a higher
energy was successful in all the consecutive tests, this energy was accepted as the
defibrillation threshold, but only if a 10 Joules margin between this value and the device’s
maximal capacity was maintained. If the defibrillation with the highest acceptable energy
was not successful, lead revision was required. Although this method may not offer the
same accuracy as the dose-response curve or the limited defibrillation threshold testing
(Figure 2.3B), it was reliable, predictive and the long-term survival of these patients was not
affected (Rosenheck et al, 2009b). After implementation of the biphasic shock (Bardy et al,
1989) and the unipolar defibrillation system (Bardy et al et al, 1993) in the implantable
defibrillators, the defibrillation threshold decreased much below the device capacity and
testing with single defibrillation attempt is justified (Higgins et al, 2005). Moreover, as
previously mentioned, the need of testing was seriously questioned (Viskin & Rosso, 2009).

2.2 Studies of the defibrillation threshold

Although successful defibrillations were described in human subject already in the 1940’s and
1950’s, originally AC current (alternating current) was used for this purpose (Hooker et al,
1933; Beck et al, 1947; Zoll et al, 1956). Gurvich & Yuniev performed in the mid 1930’s
experiments with DC (direct current) shock defibrillation (Gurvich & Yuniev, 1947). However,
this type of defibrillation has become popular only in the early 1960’s when Schuder et al
published their experiments with truncated direct current shock defibrillation and from then
this waveform is used both for clinical and experimental defibrillations (Schuder et al, 1964).
Although, it was known for a long time that the success of defibrillation depends on the
shock strength (Hooker et al, 1933), only after the introduction of DC shock defibrillation it
has become possible to obtain the above described dose response curve. Different methods
were used to increase the delivered energy. Schuder et al used constant-current system to
evaluate the defibrillation efficacy and prolonging or shortening the pulse duration they
achieved variation in the energy. Latter studies tested the defibrillation by increasing or
decreasing the shock energy. In an experimental study, difference of 85+27% in the energy
was found between Egy and Ez, when Eg was the energy level with 80% successful
defibrillations and similarly Ea represents the energy level with 20% successful
defibrillations. This study definitely demonstrated the correlation between the shock
amplitude and the success of defibrillation (Davy et al, 1987).

The defibrillation energy required for early defibrillation is much lower than after a
prolonged episode. The defibrillation energy needed after a few cycles of ventricular
fibrillation was 3.0+4.1 Joules and was significantly lower than the energy needed for
defibrillation after 10 seconds, which was 15.846.6 Joules (Strobel et al, 1998). Prolonged
spontaneous or induced ventricular fibrillation, compared to short episodes, required a
greater potential gradient for successful defibrillation and to achieve this gradient there was
need of higher shock energy (Niemann et al, 2010). After 6 minutes of ventricular

www.intechopen.com



Cardiac Defibrillation
24 — Prediction, Prevention and Management of Cardiovascular Arrhythmic Events

fibrillation, the first shock defibrillated the heart in 82% of the cases with 360 Joules biphasic
shocks and only in 25% of the cases with 150 Joules biphasic shocks (Walcott et al, 2010).
There are several clinical conditions, which require higher than usual energy for successful
defibrillation: hypertrophic cardiomyopathy, acute ischemia, and several antiarrhythmic
agents. The dose response curve will move rightward in a case of higher defibrillation
threshold and to the left with lower defibrillation threshold (Figure 2.4). In the clinical
evaluation, if the measured threshold will be higher, also the programmed energy has to be
higher to achieve high defibrillation success rate.

s Defibrillation Success

100%

250 -

1
5 10 15 20
Shock Energy (Joules)

Fig. 2.4. The graph shows 3 dose response curves with different EDsy and different pattern.
The clinical DFT will be lower in A and highest in C.

2.3 The upper and lower limits of vulnerability

The first requirement for a successful defibrillation is to terminate the fibrillatory activity in
the myocardium. However, although the fibrillation may be terminated by the shock, the
same shock may reinitiate the fibrillation. Early studies showed than a shock delivered
during a vulnerable period may induce ventricular fibrillation (Wiggers & Wegria, 1940).
Figure 2.5 shows 2 examples of ventricular fibrillation induction with a shock delivered
during the vulnerable period.

e vy

Fig. 2.5. Examples of 1.5 Joule shock induced VF. The shock was delivered early on the T
wave (arrow).
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Chen at all demonstrated that a shock may induce ventricular fibrillation if it is higher than a
certain energy called lower limit of vulnerability and is lower than the upper limit of
vulnerability (Chen at al, 1986). Above the upper limit of vulnerability a shock, at any timing,
will not induce fibrillation. Interestingly, there was a strong correlation between the upper
limit of vulnerability and the defibrillation threshold (Chen at al, 1986; Schauerte, 1999). To
avoid reinduction of fibrillation, the defibrillation shock has to be high enough to be above the
upper limit of the vulnerability. During experimental defibrillations, different mapping
methods resulted in disagreement on the process of defibrillation (Witkowski et al, 1990; Chen
et al, 1990; Daubert et al, 1991; Dillon, 1992; Kwaku & Dillon, 1996). However, experimental
and simulation methods strongly suggest the re-induction model of defibrillation failure. This
re-excitation is avoided if the shock energy is above the upper limit of the vulnerability.
Adopted from the brady-pacing area, also defibrillation shocks may generate virtual
electrodes. Experimental studies demonstrated that shock might induce virtual electrodes
(Kinsley et al, 1994; Wikswo JP et al, 1995; Fast et al, 2002; Sharifov et al, 2004). The picture was
completed with the computer simulation methods (Efimov et al, 1997; Efimov et al. 1998;
Cheng et al, 1999; Efimov et al, 2000a; Efimov 2000b; Zemlin et al, 2006). Virtual electrode can
create singularity points by closing an electrical circle through electrically conducting tissue.
Above the upper limit of vulnerability, the shock amplitude is high enough to create opposing
electrical poles enough far to impair closure of the circle. A second possibility is that a strong
shock will prolong the refractoriness in a large mass of myocardium and this will prevents the
closure of the circle. The third possibility is that a successful shock, although terminates the
arrhythmia with the virtual electrode mechanism, but being strong enough, will abolish phase
singularity point generated by the virtual electrode (Efimov et al, 200b; Trayanova N & Eason,
2002; Trayanova N et al, 2006; Hayashi et al, 2007).

In conclusion, the shock amplitude may contribute to abolishing the fibrillating activity in a
large myocardial mass and as a consequence all the fibrillation activity will be terminated. If
the shock energy is above the upper limit of vulnerability re-excitation of the already
recovered myocardial tissue will be prevented. At the tissue level, the shock abolishes the
fibrillation activity; generated virtual electrodes-induced phase singularity, but if the shock
is strong enough the singularities vanish before reentry wave generated by them will
complete a full circle. As of today, the shock amplitude is the only parameter that can be
controlled during defibrillation in both external and internal defibrillators.

3. Shock location and clinical applications of shock vector

Different electrode-pairs can record simultaneously both small and large ventricular
fibrillation electrograms (Jones & Klein, 1984). Figure 3.1 shows an example of ventricular
fibrillation electrogram with simultaneously recording of low and high amplitude with
different electrode-pairs.

Other experimental studies suggested that defibrillation synchronized to high amplitude
ventricular fibrillation recording has a higher probability to be successful compared to
shocks delivered on low amplitude recordings (Kuelz et al, 1994; Jones at al, 1997).
Waveform analysis of ventricular fibrillation electrogram may predict the outcome of the
defibrillation (Callaway & Menegazzi, 2005). However, the reason may be the duration of
the fibrillation. During early ventricular fibrillation the electrogram is course and the
amplitude is high. The cycle length is also longer than during prolonged episode of
ventricular fibrillation. As previously mentioned, the energy required to defibrillate the
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Fig. 3.1. Ventricular fibrillation electrogram showing simultaneously low and high
amplitude recording in different leads. The shock terminates the fibrillation and sinus is re-
gained. The amplitude in L is high and at the same time in AVR is low.

heart is much smaller during short duration ventricular fibrillation then after prolonged
episodes (Section 2.2).

Brooks et al demonstrated that a shock delivered in a certain direction, chosen because there
was high electrogram amplitude on it, was 5-9 times more likely to be successful than other
direction without high electrogram amplitude (Brooks et al, 2009). In their study, two shock
directions were used: orthogonal and lateral. Using the lateral vector, defibrillation with 30
Joules was more effective than the orthogonal vector, but the difference did not achieve
statistical significance. With 50 Joules, in the lateral direction, the success rate was 68.3% (50.2-
81.1%) and in the orthogonal direction the success rate was only 18.9% (8.3-37.5%). This
difference was statistically significant. When 100 Joules was used the success rate was high
and similar with the two vectors, suggesting that a strong shock is successful in any direction
(see Section 2.3).

In our study, performed in 20 patients (age 5912 years, 16 patients with coronary artery
disease, left ventricular ejection fraction 0.39+0.08), during defibrillator implantation, 80
defibrillations were performed using monophasic shocks (Rosenheck et al, 2006). The
defibrillation shock energy was in the defibrillation threshold zone or immediately below it.
The ventricular fibrillation waveform amplitude was 9.5£7.7 mV in the successful attempts

www.intechopen.com



Defibrillation Shock Amplitude, Location and Timing 27

and 6.1+4.4mV in the failed attempts (p=0.0318). The monphasic shock has two components
on the surface electrogram. A third and large component belongs to the polarization effect.
One component is in the same direction with the wavefront direction and the other
component is in the opposite direction. We defined the component in the wavefront
direction as component 1 and the other one as component 2. Component 1 was divided with
component 2. The mean fraction was 0.9£2.2 in the successful defibrillations and 3.2+5.6 in
the failed defibrillations (p=0.0006). This is suggesting that the combined shock vector is in
the opposite direction to the last fibrillation waveform in the successful attempts and in the
direction of the waveform in the failed attempts (Figure 3.2).

First shock

component Last VF

(vector) waveform

Second shock component / Second shock component
First shock
Last V.F / component /
wavelorm (vector) on
| the trough |

Fig. 3.2. Monophasic shock components and the wavefront direction. The first two
components belong to the shock. The third component is the polarization. In picture A,
successful defibrillation, the first component in the direction of the waveform (component 1)
is significantly smaller then the component against the waveform (component 2) and the 1:2
< 1. In picture B, failed defibrillation, the first component (component 2) is against the
waveform direction and 1:2> 1.

4. Shock timing — Basic research

As described in the Section 2.1, the success of defibrillation is correlated to the shock energy
in a probabilistic mode, and is described by a dose-response curve. The immediate meaning
of this non-linear function is that even at a low energy a small percent of attempts will be
successful and during the same time a small percent of the defibrillation attempts at high
energy may not be successful. The single logical reason is that the success of defibrillation,
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although it is possible only with strong shocks, it is also determined by the state of the tissue
immediately before the shock.

In an isolated cell the shock will affect the membrane potential and the effect drops over the
cell length. It is maximal at the site of the shock and minimal at the opposite site. This decay
in the effect at the cellular level is still linear. The major effect is on the extracellular voltage
and the effect on the membrane is the difference between the extracellular voltage changes
versus the minimal change in the intracellular voltage. Two factors will determine the effect
of a shock on the cellular membrane potential, the state of the cell at the moment of the
shock and the strength of the stimulus (Drosdall et al, 2010).

At the level of a tissue strand, the effect of the shock will be much more complex. If a non-
conducting obstacle will be on the way of the electrical field, which is usually the case, the
shock will depolarize as expected the area before the obstacle and will hyperpolarize the
area after the obstacle. Due to the difference in the polarity, a current flow will be generated
through non-refractory tissue and in a larger three-dimensional tissue wedge fibrillation
may be re-induced. A weak shock will have an almost linear effect when a stronger shock
has a non-linear effect. Shock may induce also an asymmetric effect with non-equal negative
and positive charges in membrane potential. Drosdall et al recently summarized this subject
(Drosdall et al, 2010).

In the animal or human heart in situ, the ECG will be the only information on the tissue
state during ventricular fibrillation. Therefore, synchronizing the shock to the ECG will
affect the outcome of defibrillation. However, the early experiments had controversial data.
First of all, the reason for this controversy is the type of ECG used. Using lead L, for
instance, will describe the electrical state of the myocardium from an angle on the inferior-
diaphragmatic wall. This may not be the most representative area for the 3 dimensional
tissues.

Other experimental studies evaluated the defibrillation outcome correlated to the amplitude
and coarseness of the ECG recording. This may suggest that a large mass of myocardium
was depolarized during the shock, meaning that the shock was delivered during the plateau
of the action potential in a significant number of cells. However, it is well known that in
different leads, during the fibrillation the amplitude may be even opposite. For this reason,
not committed recording is needed. In the late studies with implantable defibrillators, the
can-to-RV coil electrogram was used, or, as wee will see, in our human study antero-
posterior patch-to-patch recording was used.

4.1 Systematic review of the experimental studies

Hsia and Mahmud for the first time evaluated if the random variation in the VF amplitude
will affect the success of ventricular defibrillation (Hsia PW & Mahmud R, 1990). The study
was performed in 16 dogs. They recorded L, electrograms and patch-to-patch recordings.
The 50% success energy was determined and in the majority of the dogs it was below 500 V
(except 2 dogs with 550 and 600 V, respectively). A total of 82 attempts were successful and
95 failed. The mean defibrillation energy in the successful defibrillations was 6.1+1.4 Joules
compared to a similar energy in the failed attempts, 6.2+1.2 Joules. The shock impedance
was also similar and only the VF amplitude was significantly higher in the successful
defibrillations compared to the failed attempts, 0.5£0.06 mV versus 0.3+0.04 mV. The
authors suggested that the cell may be in a relative refractory period during the shock and
minimal differences in the shock timing may cause significant changes in the required
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effective defibrillation energy. A large electrogram may suggest a more advanced
synchronization between the electrical sate of the fibrillating myocardial cells. Four
examples of defibrillations are provided in the manuscript, two successful and two failed
defibrillations. Although the amplitude in the successful examples was higher than in the
failed attempts, in the successful defibrillations the shocks are delivered on the upslope and
in the failed defibrillations the shocks are delivered on the downslope.

In a second study, moving average was computed on the ventricular fibrillation waveform
(Kuelz et al, 1994). Lead L, was used for recording. Averages for different length of moving
points were calculated and windows from 1-16 provided the best discrimination between
successful and failed defibrillation attempts (p between 0.0007 to 0.0022). Above 16, the
discriminating power of being course was less. Although these studies suggested the
importance of the synchronization between the ventricular fibrillation waveform and the
defibrillation shock, no difference between course and fine VF could be shown (Jonse DL &
Klein GJ, 1984). They also approved that fine and course ECG recording could be observed
simultaneously in different limb leads or chest leads.

Hsia and his collogues, developed a method to detect peak higher than a threshold line
(Hsia et al, 1996). If the shock was synchronized to these above-threshold peaks, the success
rate was higher by 24%. However, using this method the shock is delivered on the peak of
the electrogram. This may suggest that timing might be more important than the recorded
amplitude.

The next study was performed in 8 pigs and directly evaluated if shock timing may affect
the defibrillation outcome (Hsu et al, 1997). There was no difference in the success between
shocks delivered on high or low amplitude electrograms (48% in amplitudes>1.3 mV and
46% in amplitudes<1.3 mV). However, shock delivered on the upslope resulted in 67%
success rate and shocks delivered on the downslope resulted only in 39% success rate. The
ICD morphology lead was used for recording, with the right ventricular coil as the cathode
and the superior vena cava coil and sub-cutaneous array as the anode. Only course
electrograms could be analyzed. The conclusion of this study was that timing to upslope,
rather than to ECG amplitude is associated with defibrillation success.

Jones et al evaluated if shock synchronized to the action potential from low intensity area
would predict favorable outcome of the defibrillation. This study was performed using 6
excised and Langendorff-perfused rabbit hearts. The VF inducing electrodes were placed in
the right ventricle, or in the left ventricle. With this method, the basal septum was a low-
intensity area and was chosen for monophasic action potential recording (Jones et al, 1997).
The shocks were delivered early on the action potential, 5-40% from the start, or late, 40-
95%. The energy with 50% chance of defibrillation was determined at both timing (Iso). Iso
decreased by 17% by moving the shock from the late timing to the early timing, 1.48+0.47
mA compared to 1.23+0.21 mA. This 17% reduction in the current corresponds to 31%
reduction in the energy. The dose-response curve of the early shocks was displaced to the
left with a narrow standard deviation (see Figure 2.4 for explanation).

In a prospective study, Hsu at al developed software synchronizing the shock to four
different parts of the VF waveform, as recorded with an ICD morphology electrogram (Hsu
et al, 1998). The peak (maximal amplitude) and trough (minimum amplitude) were defined.
The upslope was divided into three timings. Only high-amplitude recordings were used.
The synchronized defibrillations were compared with random defibrillations. The dose-
response curve of probability-of-success versus shock intensity moved to left with the
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synchronized shock versus the random shocks (see Figure 2.4 for explanation). The Ego
(energy with expected 80% success of defibrillation) decreased significantly from 27.1+2.5
Joules to 22.941.8 Joules. This study suggests, that shock synchronized to the upslope on the
morphology electrogram of an implantable defibrillator, in an animal model, improved the
defibrillation efficacy. Therefore, both the retrospective and the prospective experimental
studies demonstrated that synchronizing the shock to the upslope of a noncommited
electrogram, in this case the morphology electrogram, improves the defibrillation. Parallel,
shocks synchronized to the early part of the action potential also improved the
defibrillation. For this reason, the upslope may represent the early segment of the action
potential and the downslope the late segment. All this studies evaluate the defibrillation in
short induced episodes of ventricular fibrillation, not exciding 20 seconds and the relevance
of their conclusions is limited.

4.2 Defibrillation of prolonged episodes of ventricular fibrillation

As of today, a new area in the world of defibrillation is evolving, the automatic external
defibrillators. As opposed to the conventional external defibrillators the automatic
defibrillators requires preprogramming of the energy, just like the implantable devices. The
use of these external automatic defibrillators will be necessarily later than 10-15 seconds.
Therefore, additional studies are needed to evaluate the importance of timing in prolonged
episodes of ventricular fibrillation termination. Several studies evaluated the ventricular
fibrillation electrogram amplitude spectral area (AMSA) and slope not to predict merely the
defibrillation efficacy, but to predict the result of resuscitation (Indik et al, 2010; Povoas &
Bisera 2000). As previously mentioned (Section 3), the high waveform amplitude may
suggest short duration ventricular fibrillation and not necessarily timing. Obviously the
result of resuscitation will be significantly different if performed early than after prolonged
episode of ventricular fibrillation. For this reason, further studies on the preshock
electrograms in these prolonged episodes of ventricular fibrillation is still needed.

5. Shock timing — Clinical data

Based on the experimental data, we purposed to evaluate the importance of defibrillation
shock timing in human subjects during defibrillator implantation or during later
defibrillation evaluation. First of all, we were searching for a reproducible and not
committed electrogram. As is evident in Figure 5.1 and 5.2 when the fibrillation is recorded
simultaneously in different standard ECG leads, the recording may be very different in
simultaneously recorded leads. If at a particular time, on Ly, the recording is course, in lead
L, may be fine. The shock may be on the upslope on L3 and precordial leads, but on the
downslope on L; and Lo. The late experimental studies have used the morphology lead ECG
(between the ICD can and the RV defibrillation lead, or between the superior vena cava
defibrillation coil and the right ventricular defibrillation coil). Our study was performed
using two large surface patch electrodes with a general antero-posterior and supero-inferior
axis. One of the patch-electrodes was placed on the right side of the chest and the second
patch-electrode was placed on the left side of the back. This recording was not committed
neither to the antero-posterior axis, nor superior-inferior axis, but was a more general
recording combining both directions. Figure 5.2 shows defibrillation on 12-lead ECG and
Figure 5.3 the patch-to-patch recording.
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Fig. 5.1. Recording at 100mm/sec, 9 lead ECG of ventricular fibrillation and defibrillation
with implantable defibrillator, 14 Joules. The VF amplitude is high in lead 1, V3 and low in
leads 2, 3, V.
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Fig. 5.2. The shock is delivered on the downslope in lead 1, 2, AVL and on upslope on leads
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Fig. 5.3. A patch-to-patch recording with clear timing of the shock.
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5.1 Shock timing studies in human hearts using biphasic shocks

Our preliminary data was presented during an international symposium on cardiac
arrhythmias (9t Congress of the International Society for Holter and Noninvasive
Electrocardiology and International Congress on Cardiac Pacing and Electrophysiology,
Istanbul, Turkey September 23-27, 2000) and published in a monograph (Rosenheck et al,
2000). The last analysis was presented at the Heart Rhythm Association Annual Meeting in
2005 (Rosenheck & Sharon, 2005). The study is still ongoing.

Figure 5.4 shows the definition of the shock timing on patch-to-patch recording.

Downslope

Peak

My
/

Upslope

——

Trough

Fig. 5.4. Timing markers: Trough, peak, upslope and downslope. The first shock vector
might be very complex like in this case. A single ventricular ectopic beat is evident on the
last part of the shock recording (break stimulation).
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f
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-

Fig. 5.5. Successful defibrillation with the shock delivered on the upslope. There is a limited
post shock ventricular activity starting with the shock end and is suggestive of break
stimulation without propagating it as result of prolonged refractoriness.
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Shock on downslope

Fig. 5.6. Failed defibrillation with the shock delivered on the downslope. There is a slight
difference between the preshock and post shock ventricular fibrillation waveform.

In the first report, 450 episodes of ventricular defibrillation were studied. The patch-to-patch
ECG was recoded during ICD implantation and defibrillation evaluation. The electrograms
were collected from 110 patients (88 male and 22 women). The mean age was 5616 years
and the majority of the patients had coronary artery disease. The defibrillation effectiveness
was evaluated using the Multi-step test (Figure 2.3B). Patients with low defibrillation
thresholds were not necessarily studied until failed defibrillation was achieved and the test
was discontinued if 6 Joule-shock defibrillated the heart. This was called the best-predicted
DFT. Two groups were defined. One group, the outlying group, had either a very low
defibrillation threshold or patients with high defibrillation threshold (between 18-25 Joules).
Patients with defibrillation threshold > 25 Joules were excluded. In the second group, the
mid group, all the attempts were defibrillated with energy between 10-18 Joules. Ninety-
four episodes were in the outlying group and 356 in the mid group. In the outlying group,
74.1% of the shocks delivered on the upslope were successful versus 45% of the shocks on
the downslope were successful (p<0.01). In the mid group the success rate of the
defibrillation on both upslope and downslope were similar and above 80%. The conclusion
was, that in the outlying group the efficacy was significantly higher on the upslope, because
the narrower safety margin between the measured efficacy and the real DFT. In the mid
group the safety margin was much wider and this relatively strong defibrillation shock may
be effective in any way. Figure 5.5 shows a successful defibrillation on the upslope of the
electrogram and Figure 5.6 shows a failed defibrillation on the downslope.

In the second study, 1374 additional episodes were included and studied. On the upslope,
87.3% of the defibrillations were successful and on the downslope 56.7% (p<0.0001 and
relative risk of failure on the downslope 1.442 [1.414 to 1.682]). In the best-predicted DFT
zone 79.7% were on the upslope and in the lower energy group only 57.6 were on upslope
(p<0.001). This study demonstrated strong association between the shock timing on upslope
and success of defibrillation. The duration of the episodes was 8-10 seconds. The patch-to-
patch electrogram was coarse with intermittent short episodes of fine VF. The majority of
the defibrillation shocks were on the large amplitude electrograms in both successful and
failed attempts and the graphic analysis was easily performed.
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5.2 Shock timing study in human heart using monophasic shock

Additional information was obtained by analyzing patch-to-patch defibrillation
electrograms using monophasic shocks and was presented at the World Congress of
Cardiology 2006 (Rosenheck et al, 2006). Monophasic shocks were used in this study, to
avoid more complex effect of the biphasic shocks, especially when the vectors are studied. In
this study 96 defibrillation attempts with monophasic shocks were evaluated. The antero-
posterior vector, the amplitude of VF electrogram and the shock timing were studied. Eighty
episodes were defibrillated with energy at the clinical DFT or with immediately lower
energy (50 at the DFT and 30 lower energy). In the successful defibrillations 84% were on the
upslope and in the failed attempts only 37% were on the upslope (p<0.01). As presented in
Section 3, the electrogram amplitude and the shock vector direction had also significant
effect on the success of defibrillation in these 20 patients (Figure 3.2). In addition to the
importance of the timing, information on the underlying electrical activity and the
interaction between the dominant VF vector and the shock vector were demonstrated
(Section 3).

Although the conclusion after the experimental studies was that early shock might prolong
the refractoriness and create conduction blocks in a critical mass of myocardium, more
recent hypothesis on the mechanism of defibrillation may be used to explain our clinical
results. It is accepted today that a shock has a non-uniform effect on the tissue. Both areas of
depolarization and hyperpolarization are generated (Wikswo, 1994; Effimov et al, 1997).
Obviously, the presence of both polarities, during the same time, will behave like an
electrode, more precisely as a virtual electrode. The inversely polarized areas may be
asymmetric, with one of the poles larger than the other. Internal nonconducting obstacles
may facilitate this opposite polarization. If these poles are adjacent, a singularity point may
be generated and a new spiral wave initiated (Efimov et al, 1998). Early shocks, when a large
mass of myocardial cells are in their early phase of action potential, although may generate
virtual electrode, but no excitable and conducting tissue will connect between the opposite
polarized tissues. Slightly latter shocks may initiate the virtual electrodes and enough tissue
may be already recovered to serve as electrical conducting tissue. Two adjacent polarized
areas will provide the stimulation electrodes and non-refractory excitable tissue between
them will provide the substrate for reentry.

The direction of the shock vector may also be explained with this new hypothesis. If the net
shock vector is opposite to the main fibrillation waveform vector, it is less possibility to
generate virtual electrode as the tissue is depolarized by the large wavefront. Moreover, a
large mass of refractory myocardium will interfere with the conduction between the poles
and the electrodes are abolished before the circle can be completed. It is also recently
suggested that the main tissue responsible for the reinitiating the post-shock arrhythmia are
the Purkinje Cells Network (Deo et al, 2009). These cells are densely distributed in the
septum and the same area is also rich in singularity points (Trayanova, 2006). This may also
contribute to the understanding of the importance of shock direction.

6. Conclusions and future directions

In addition to the contribution of the shock amplitude to the success of defibrillation, the shock
orientation compared to the fibrillation waveform and shock timing is important for the
defibrillation outcome. Experimental and clinical studies are supporting the importance of
these three shock characteristics in the outcome of ventricular defibrillation. Understanding of
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these contributors to the defibrillation mechanism is important not only academically but also
in the clinical practice. In the era of implantable defibrillators and automatic external
defibrillators it is utmost important to understand the determinants of successful defibrillation.
Implementing the timing and shock orientation in the defibrillation devices may improve the
efficacy and the outcome of the defibrillation both for the implantable devices and non-
professional operated external defibrillators.
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