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Preface

Throughout the world, approximately 23 million people suffer from heart failure each
year. Of all patients who experience heart failure, the mortality rate due to sudden
cardiac death (SCD) is between 28% and 68%. SCD is most often due to ventricular
tachycardia (VT) or ventricular fibrillation (VF). To alleviate SCD by VT and VF, one
effective and common treatment is the use of implanted cardioverter-defibrillators
(ICDs).

An ICD is a device that monitors the electrical activity of the user’s heart and delivers
an electrical shock upon detecting certain arrhythmias. While ICDs have decreased the
number of deaths due to sudden cardiac arrhythmic events, studies suggests that
patients with ICDs who receive shocks have a worse prognosis than similar patients
who do not receive shocks.

These poor projections for patients who receive shocks are spurred by several factors.
While the electrical shocks from ICDs save lives, they are also reported to be quite
painful. Therefore, patients who have experienced a shock tend to suffer from
psychological stress and a lower quality of life afterwards. Furthermore, about one
third of ICD patients will experience inappropriate or unnecessary shocks from their
ICDs. Inappropriate shocks have been linked to higher mortality rates in ICD patients.
Other research suggests that after patients receive a shock, heart failure tends to
progress more rapidly. Each of these factors highlights a gap in the body of knowledge
relevant to ICDs. Therefore, a significant amount of research and clinical studies are
needed to guarantee continued improvement for these devices.

One topic worthy of further exploration is the manner in which ICDs detect
arrhythmias. At present, many ICDs use timing to classify heart rhythms. As a result,
some safe thythms are indistinguishable from life-threatening rhythms that have the
same timing. For example, sinus tachycardia (ST) arrhythmia is safe and occurs during
exercises in which the heart rate rises to about 120 beats per minute. On the other
hand, ventricular tachycardia (VT) arrhythmia is fatal and occurs at the same heart
rate. In spite of similar timing, ST and VT have different morphologies, suggesting that
additional detection mechanisms could help avoid unnecessary shocks in ICD
patients.
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Another question to consider is how defibrillators can be employed to protect low risk
patients from SCD. Patients who have a high risk of suffering from SCD are most
likely identified by healthcare professionals, and then they receive life-saving ICDs. As
a result, the majority of SCD victims are now low-risk patients because they remain
unidentified and thus unprotected. A suggested answer to this quandary is to increase
public access to defibrillators and to improve real-time, automated training on how to
use such devices.

More research could also be done to determine ways of preventing shocks in ICD
patients. For instance, examining the connection between diet, lifestyle, and
ventricular arrhythmias could lead to such prevention. Diets rich in fish oils have
shown promise in decreasing the risk of arrhythmatic cardiovascular events. However,
to date, only a few studies have examined the use of fish oils to prevent ICD discharge.
More studies could be done to increase this body of knowledge.

The chapters in this book explore the issues posed above in addition to discussing
methods for improving ICDs and answering critical questions about ICD technology.
The authors examine determinants for successful defibrillation and assess patients
who receive defibrillation. Special cases in ICD patients are also considered along with
clinical trials involving patients with defibrillators. The chapters presented herein
contain a comprehensive overview of prediction, prevention, and management of
cardiovascular events.

Joyelle J. Harris, Ph.D.

Exponent Failure Analysis Associates
Phoenix, Arizona

USA









Part 1

Defibrillation Introduction and Assessments






Implantable Cardioverter Defibrillators

Behzad Ghanavati
Department of Electrical Engineering, Mahshahr Branch, Islamic Azad University,
Iran

1. Introduction

In recently years, Artificial Neural Networks have been studied extensively and applied in

medical field, and have been demonstrated to have much better pattern recognition ability.

In this chapter we present a VLSI chip to be implemented using 0.35 pm CMOS technology

which is the implantable cardioverter defibrillator (ICDs).

Implantable cardioverter defibrillator is a device which monitors the heart and delivers

electrical shock therapy in the event of a life-threatening arrhythmia.

At present most ICDs are often using time information from leads to classify rhythms.

(Leong, P. HW &Jabri, M.A November 1995) This means they cannot distinguish some

dangerous rhythms from the safe one, as in the case of ventricular-tachycardia arrhythmia.

(R. Coggins et al., 1995)

Our chip is used to distinguish between two types of arrhythmia; The Sinus Tachycardia

(ST) arrhythmia and the Ventricular Tachycardia (VT) arrhythmia. The ST is a safe

arrhythmia occurs during vigorous exercises and is characterized with rate of

120beat/minute. The VT is a fatal arrhythmia with the same rate. They can be separated

only by detecting the morphology changes in each one. (Acherya,U,R.,2004)

Most morphology changes are appeared in the QRS-complex. The QRS-complex for both the

ST and VT arrhythmia’s are shown in fig.1. (Dale Dublin, 2000)

Since most morphology changes are appeared in the QRS-complex, for classifying the

arrhythmias we must separate QRS complexes from ECG, consequently a new circuit for

detecting QRS is designed. In this circuit the R-R distance between two QRS complexes and

also the pulse width of QRS complex are used to improve the detection algorithm.

By using fuzzy logic and some parameters of ECG (pulse width, R-R interval and peak) we

can separate QRS complex from ECG and after that apply this part to a Neural Network for

classification.

The proposed analog VLSI chip can detect such morphology changes. It has the following

advantages:

e It is easily interfaced to the analog signals in an ICD (in contrast to the digital systems
which require analog to digital conversion).

¢ Analog circuits are generally small in area.

e Low voltage circuits are used to decrease battery weight and size and to extend battery
life time which required for portable and modern wireless equipment.

¢ Hamming network did not need to have a training system and the reference vectors
determine the weights.
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e Although temperature variation is a major source of drift problems, no need for
temperature compensation as the human body is considered a stable environment.
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Fig. 1. Morphology change of QRS complex for both ST & VT.

This chapter deals with the design of Analog VLSI chip for implantable cardioverter
defibrillator (ICDs). We first present the structure of system. Next, we describe each part
separately and characteristic of each parts are described. Then, We show the circuits that are
used for implementing of each part. Finally, we present the total block diagram of system
with some simulations that verifies the functionality of system.

2. Architecture

The proposed chip consists of 3 main parts:

e QRS detector circuit

e  Extracting QRS from an ECG circuit

e C(lassifying QRS complex circuit

First these parts will be explained separately and then the block diagram of the chip will be
presented.

2.1 QRS detector circuit

The dominant component of the ECG is the QRS complex, which indicates the electrical
depolarization of the muscles in the ventricle of the heart. Several clinical applications
including implantable defibrillator require accurate QRS detection algorithms whiles The
QRS is easily recognized by a human observer.

Various types of automated algorithms were proposed in the literature for detecting QRS.
(K.Akazawa and K.Motoda 2001; Pan.J] & Tompkins W.J 1985; Y. Suzuki, 1995) These
algorithms use multiple features of the EGG including RR internal, pulse duration and
amplitude, to detect QRS complexes. By processing several features, it is less likely that
large amplitude but short duration noise would be mistaken for a QRS. Similarly, it is more
likely that a true QRS with low amplitude, but normal width and RR internal would be
correctly detected.
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Fuzzy inference systems are well-suited for this application (fig.2), since detection in this
system based on a few amounts of uncertainly which is very similar to the medical
reasoning process.(O.Wieben, W.] Tompkins & V.X. Afonso 1999) Moreover the decision
process is extremely easy to understand by human; consequently such easy interpretability
allows external changes by experts on the decision process.

In this work, we are using a fuzzy inference system to identify QRS complexes. In this
system QRS complex will be detected provided that a square wave synchronizes with them,
consequently we use a fuzzy controller to adjust this square wave with QRS complexes.R-R
internal, pulse duration and amplitude are features that enter to a controller as inputs
parameter. Fuzzy controller evaluates these features and adjusts the output pulse of VCO to
be synchronized with QRS complexes.

o By

R-R interval

Peak ——

F "

Width

> peak *‘
- Fuzzy
ECG s R-Rinterval J Bartrallar” —* QRS
?  width

Fig. 2. QRS detection algorithm.

A feedback is used to correct the synchronization process. This feedback is produced by
error between the output pulse of VCO and the pulse that show the width of QRS complex.
This feedback is also enter to controller and processed by fuzzy controller. Finally, the
output of fuzzy controller goes to VCO circuit and makes the output pulse of VCO to be
synchronized with QRS complex (fig.3).
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Controller
R-R
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Fig. 3. QRS detection algorithms that is used in this project.

3. Extracting QRS from an ECG circuit

To separate QRS complexes, we passed ECG signals and synchronize VCO trough an analog
median filter. (fig.4). Median Filter passes the median part of the input signals which, in this
case, is QRS complexes.

QRS

Zrr —om=

Fig. 4. Median Filter.
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4. Classifying QRS complexes

The QRS complexes which were detected and separated from the rest of ECG signals are
applied to an arrhythmia classifier. This classifier is used to distinguish between two types
of arrhythmia: The Sinus Tachycardia (ST) arrhythmia and the Ventricular Tachycardia (VT)
arrthythmia. The ST is a safe arrhythmia occurs during vigorous exercises and is
characterized with rate of 120beat/ minute. The VT is a fatal arrhythmia with the same rate.
They can be separated only by detecting the morphology changes in each one.

Since the most morphology changes are appeared in the QRS complex, we apply QRS
complex to an arrhythmia classifier to classify it. This arrhythmia classifier consists of three
building blocks: a sample and hold (S5/H) circuit, a mapping circuit and a Hamming neural
network classifier. Fig.5 represents a block diagram of the chip. First, the rhythm is inputted
to a sample and hold circuit to obtain 10 samples of the input signal. These 10 samples are
inputted to mapping circuits in parallel to map into unit length [-1 1]. The outputs of
mapping circuits are input to Hamming Neural Network, which has two neurons in its
output layer. Each neuron responds to a specified type of the input arrhythmia.

Hamming Net

WTA Net Out

Fig. 5. Block diagram of QRS classifier.

4.1 Hamming Neural Network

A Neural Network classifier is made of a Hamming network, which is a maximum
likelihood classifier network that can be used to determine which of several exemplar
vectors are the most similar to an input vector (Laurene Fausett, 1994 & M. B. Menhaj,2000).
Fig.6 shows the simplest structure of a competitive layer.

P c| a
O
M—>
Input P
101 2%1
2*%10

Cell
Fig. 6. A competitive cell.
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i* is number of the cell that has the highest n; for our application i=1, 2.

In the Hamming Network, reference vector determines the weights (w) of the network.The
hamming distance between input vector (P) and reference vector is calculated by n vector
(equation 3). (Laurene Fausett, 1994 & M. B. Menhaj, 2000)

Winner cell is determined with multiplying input vector to weights. The largest value
corresponds to the smallest angle between input and weights vector if they are both of unit
length [-1 1] (Laurene Fausett, 1994 & M. B. Menhaj, 2000).

ﬂ _ WB _ W11 W12 ....... W110 }B _ {COS 01 } (3)

5. Circuit design
The designing method of blocks show in fig.5 is given below:
5.1 Sample and hold (S&H) circuit

The Sample and hold delay circuit is made of 10 cascaded stages to obtain 10 samples of the
input pulse. Fig. 7 shows S/H circuit.

Fig. 7. Three stages of S/H circuit.

Two-phase non-overlapping clock (CKy,CKy) is used to control S/H. The sampled signal x;
then are inputted mapping circuit through another analog switch m; controlled by CKs. The
timing diagram of CKj, CK,, CKj3 and the simulation result of the 1st stage of sample and
hold circuit are shown in fig. 8.
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Fig. 8. (a) Input to S/H circuit. (b) Sampling signal of the 1st stage. (c) CK1. (d) CK2. (e) CK3.

In Fig. 8, the input rhythm of ST is applied to the S/H circuit and output of 1st stage is

shown.

5.2 Mapping circuit

Before applying sampled data to Neural Network We have to map them into unit length
[-1 1]. Figure 9 shows schematic of mapping circuit.

Dy

cut

i

-

n—yf

eref

ref

2

5

Fig. 9. Mapping circuit.
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We use a simple differential pair in order to map input signal (sampled data) to unit length
space [-1, 1]. By changing V..t and W/L ratio of input stage of differential pair, we can map
any space to unit length space. (Wilamowski, B 1999)

5.3 Hamming Neural Network classifier

The Hamming Network consists of two groups of synapses and two layers of neurons. The
first group with weight vector Wi= (W11, W12, Wiz, ..., Wiis) is connected to first neuron
layer. The second layer with weight vector Wy= (W21, W2y, Was, ..., Wars) is connected to
second neuron layer, each neuron in the output layer responds to a specified class of input
arrhythmia. Figure 10 shows the structure of Network

X1

A\ 4

X2

A

Y

To WTA

L 4

X10

\ 4

Fig. 10. Hamming Neural Network.

5.3.1 Synapse

The computation of inner product between input signal and the local interconnection
weight is called synapse and is mostly done by using an analog multiplier.(S. T.Lee; H.
Shawkey 1999)

We use a new low voltage low power four quadrant analog multiplier as a synapse. Since
output of a synapse is current, output of 10 synapses can be summed at a single node of
circuit.

The circuit consists of four quadratic cells is shown in figure 11 where the relationship
between the input current, I, and the output current, L., are quadratic. The quadratic cell
is made of two transistors M, and M, which are biased to operate in triode region and M.
which operates at saturation region.
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Iin an
P @ ilout

Fig. 11. Quadratic cell.

If My and M, have the same transconductance, (kp =1,Cox % =k, =p,Cq, % = k} Then, it

can be easily shown that the voltage (Vin) and the current (lout) are given by

Vi,=al, +b @)
2
Iout :k(c+1in) (5)
Voo (Ve = |V W (Vi |V
Where a, b and ¢ are L oo (Ve | tp|) d oo (Voo | tp|)_vm

, an
KQ2Vop ~|Vo| = Vin) 2Vo ~[Veg |~ Vi 2Vop | Vig| - Via

respectively.

Figure 12 shows the proposed four quadrant current multiplier circuit. The input currents of
a multiplier are the sum of currents Ix and Iy and the subtraction of the input currents Ix and
Iy. By using quadratic relationship between input and output currents which are derived
from Equation (5) drain currents of M c1, M ¢, M 3 and M ¢4 would be

Iey = ke +a(ly + 1) (6)
Iy =k[c—a(ly + Iy)]z @)
Ies =k[c+a(Ix —Iy)]z )

Iey =kle—a(lx - IY)]Z )
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Sl lor I

vl

Fig. 12. Multiplier as a synapse.

According to Fig. 12, Io1 is the combination of Ic; and Ic2 while Iop is the combination of Ics
and Ics. o1 and Ios can be shown as

oy =k[2c% +2a* (I +1y)?] (10)

Iy = kK[2¢* +2a*(Iy — I,,)*] (11)

The output current of the four quadrant current multiplier I o is the difference between Io;
and Iz and is given by

Ioyr =Io1 —lop = 8kﬂ21xly (12)

Fig. 13 Shows DC characteristic of current multiplier circuit under input current ranging
from -20 pA to 20 pA.

DT iransfer characteristic

il ]
-~
[ Ix=10uA
-
= w !
El o i
= ] A Ip=lus
= =
]
W o 1 R 1 ' A Iy=-10uA
] i : : i H i ; H :
A i .
E i 20uA
Y i 1
T T T T T T T T
T ES M A I EA e 5 &
Iy [uAl

Fig. 13. DC transfer characteristic of four quadrant current multiplier.
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5.3.2 Winner take all

The function of the WTA is to accept input signals, compare their values and produce a high
digital output value (logic ‘one’) corresponding to the largest input, while all other digital
outputs are set to low output value (logic ‘zero’).(J.Ramirez-Angulo et al., 2005)

Fig. 14 shows the block diagram of the WTA circuit. The circuit includes a 2-input current
maximum selector with a simple voltage inverter.(Ramirez-Angulo et al., 2005)

| _ |
— > Current mirror -«
I I I, I,
Y Y
Vo Voo
0 Max 0
I¢1 Iflv 'IEZ Igo

Current feedback

Fig. 14. Winner take all circuit.

5.3.3 The current max selector

The 2-input current maximum selector is shown in Fig. 15. The proposed current max
selector has 2 input branches and each branch consists of an FVF (R.G. Carvajal et al., 2005),
which is formed by voltage follower M,;, and current sensing transistor Mg;.

Il 12
Mal : : MaZ
My |H Y \_M@

Fig. 15. 2-input max circuit.
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Transistor M, in an FVF performs as an improved voltage follower and the Gate-Source
voltage drop of this transistor is constant (neglecting second-order effect) and independent
of the load.

Transistor M, operates as a current sensing device. It can sink large current by keeping its
Drain voltage approximately constant. Moreover, the existing impedance at the Source of
transistor M,; is very low due to the feedback loop.

The principle of operation of the circuit is as follow. The voltage at node “Vs” follows the
maximum of input currents I, I, with a DC level shift Vgs, where n denotes the maximum
current.

In this condition the transistor (Ma1 or Ma2) which carrying the minimum current, has the
greater Gate-Source voltage than the value that should have to operate in saturation mode,
at this condition this transistor operates in triode mode with Drain-Source voltage value
close to zero, thus the current sensing transistor is turning off in this branch and minimum
and maximum currents passed through current sensing transistor of winning branch due to
properties of FVF cell.

5.3.4 The overall structure of WTA circuit

The circuit of the 2-input WTA is shown in Fig.16. The currents (I, I12) are the inputs of the
circuit.

Each current is mirrored into current max Selector, as well as, into the feedback circuit due
to PMOS current mirror Mis, Ma.

Thus the input current of each voltage inverter is:

M - Mz =M My My _I My
Iy I
L
o M,
Vet )-| Ig Voo
Mon |J I: M.

Fig. 16. 2-input WTA circuit.
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Iy=1 _Ifl (13)

Ip=1-1Ip (14)

We assume at the steady state, the current I, is the largest input current I;=max (I, I)
So

Iy =0+, (15)
I, =0 (16)

From the Equation (13) - Equation (16) the input current of each voltage inverter is:
In=hL-(L+5)=-I (17)
This means that only one input current of the voltage inverter, which is correspond to

minimum current, is positive and all the other currents are negative. Thus the digital voltage
outputs of the circuit will be at logic

Vo1 ='one' 19)
Vo, ='zero'
Fig.17 shows the block diagram of the proposed QRS classifier
Synapse 2
ﬁi M Amg »| Mubiplur?l |
Circait K
', |
%2 | Mo ) E
it T | Tl
0
X . \I
b L !
51 A b ! I|I
QRS — ot [— i ' : l i
! ! Wi '
: E VL Mulipiszio | ]
: i A ¥
! /: I“-:'., """"""" W Vu
P LY T
Xip Maprprimag - ) py
M {Cinai 1— Womkiplicr| 1 : ' W A ! V(ﬂ

Fig. 17. Block diagram of the proposed QRS classifier.
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6. The proposed arrhythmia classifier chip

The block diagram of proposed system is presented in fig.18.

In this system, multiple features of ECG are measured by analog circuit. These features are
applied to a fuzzy controller to be processed. The output of fuzzy controller goes to a VCO
which is used to synchronize the output pulse of VCO with the specific part of ECG. Finally,
the QRS complexes which are filtered by median filter are applied to arrhythmia classifier
provided that the error of detection algorithm is below a normal value. Moreover, the
arrhythmia classifier has 2 outputs that each one responds to a specific type of the input
arrhythmia.

ECG oy
MEDIAN MNeural [~
FILTER m—
. 2

23

Fuzzy
controller

Fig. 18. Block diagram of proposed system.

Simulation result of the system in both cases is shown in figure 19 and 20.
In fig.19 the inputting rhythm of ST is applied to system caused to digital outputs of OUT1
goes to “One” and OUT2 goes to” Zero”.

Wokages fin]
= ¥ F

)lp
4

—OUT1

Yiollages [in]
-2
(R LR, I PN

Wokages [in)

F T L] T T T

B0
Tomss ] (TIME]

Fig. 19. Output of system for ST input.
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In fig.20 the inputting rhythm of VT is applied to system caused to digital outputs of OUT1
goes to “Zero” and OUT2 goes to “One”.

e )
i

T

—
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Fig. 20. Output of system for VT input.

7. Conclusion

In this chapter a VLSI Analog chip for arrhythmia classification is presented.

The proposed Network has the following features:

¢ Noneed for A/D converter between the ECG and the classification system.

e  The system operates in the low frequency range, so that the parasitic of the layout likely
have no effect on the operation of the chip.

e This system can be extended to distinguish m types of arrhythmias by using m number
of neurons in the output layer of the Hamming Neural Network circuit.
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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

N

5 1 15 20
Shock Enemy {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.
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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

DEFT testing at all (see text).



Defibrillation Shock Amplitude, Location and Timing 23

When the more simplified defibrillation threshold testing (Figure 2.3B) was compared with
the dose-response curve, the EDsp (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 Ezy 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 15.8£6.6 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
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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.
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Fig. 2.4. The graph shows 3 dose response curves with different EDsp 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.

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



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

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 59112 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
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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 3.245.6 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).
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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 Egp
(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 L;, 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 L1 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, V1.
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Fig. 5.2. The shock is delivered on the downslope in lead 1, 2, AVL and on upslope on leads
3, V1, V3, V4, Vs,
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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 (9% 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.
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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).

Shock oa upslape
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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 56+16 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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1. Introduction

Therapy with implantable cardioverter-defibrillators (ICDs) has been shown to improve
survival among several large groups of patients at risk for sudden cardiac death (SCD).
Several complicating issues arose from the widespread use of ICDs especially in heart
failure (HF) patients. Twenty percent to 35% of HF patients who receive an ICD for primary
prevention of SCD will receive an appropriate shock within 1 to 3 years for a life-threatening
arrhythmia.l Almost half of the HF patients who survive a cardiac arrest and receive an ICD
for secondary prevention will receive a shock within 1 year of implant.2 Implantable
cardioverter-defibrillator (ICD) shocks are usually regarded with a sense of relief given that
the ventricular tachyarrhythmia was treated, and the SCD was averted. There is, however,
accumulating data from the literature showing that patients with ICDs who receive shocks,
whether appropriate or spurious, have worse prognosis than similar patients who do not
receive shocks.

Current guidelines do not provide a clear approach to managing patients presenting with
ICD shocks, who clearly represent a high-risk group. However, current data from the
literature suggest that ICD shocks should prompt a thorough evaluation to determine the
etiology of the shock and to help guide therapeutic interventions.

2. Initial evaluation after ICD discharge

The initial evaluation of the patient who receives an ICD shock begins with interrogation of
the device. The timing of the device interrogation depends on the number of shocks and
related symptoms.3 In case of an isolated shock without change in clinical status or
symptoms, evaluation should generally occur within a few days.# Multiple ICD shocks or
shocks associated with worsening HF symptoms, syncope, angina, or electrical storm
warrant emergent medical attention.4

Device interrogation will reveal whether the ICD shock was appropriate or inappropriate.
While there is still some debate regarding the definition of an appropriate shock, most
authors agree that any shock for ventricular tachycardia (VT) or ventricular fibrillation (VF)
is considered appropriate.

The acute management strategies depend on the specific etiology of the shock. If the shock
was appropriate the next step is to address reversible causes, check and correct electrolytes,



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

consider antiarrhythmic therapy, optimize betablocker treatment, optimize device therapies
including antitachycardia pacing (ATP), and consider intubation and sedation for refractory
VT or VE. If the shock was inappropriate the acute strategy is to treat the supraventricular
tachycardia, optimize device programming, and assess for possible lead oversensing.3

In addition to all these acute management strategies it is important to realize that even
though the SCD might have been prevented by the ICD shock, the natural history of the
disease is now transformed and there is accumulating data suggesting that the prognosis of
the group of patients who receive shocks, especially in HF patients, is worse than the rest of
the ICD patients.

3. Appropriate ICD shocks

3.1 Prognostic importance of appropriate ICD shocks

Several large trials have shown that therapy with ICDs improves survival among patients
who are at risk for SCD.3 5 ¢ Based on these results the implantation of an ICD for primary
prevention has become standard of care for patients who meet the high-risk criteria.” One
potential result of the broader use of ICDs is that the natural history of the disease in these
patients is modified as a consequence of the delivery of ICD therapies. The results of the
MADIT II were the first to demonstrate an adverse prognosis associated with ICD therapy
used for primary prevention. ° In this study, among 719 patients with ischemic heart
disease, an ICD shock or antitachycardia pacing was reported to be appropriate in 23.5%.
The risk of death, was found to be increased by a factor of more than 3 among patients who
received ICD shocks or antitachycardia pacing for ventricular tachycardia or ventricular
fibrillation.8

After an ICD shock for a life-threatening arrhythmia, hospitalizations for HF were more
frequent, and mortality was increased 3-fold.1® Within one year of an ICD shock for
ventricular tachycardia (VT) or ventricular fibrillation (VF), the probability of an HF event
was 26% and 31%, respectively, while it was 19% for those not having an ICD.10 The
corresponding survival rate one year after initial ICD shock for VT or VF was 80% and the
survival curves were related to the rate of the presenting tachycardia. Increased tachycardia
rates were associated with lower survival rates. Other clinical factors associated with
increased mortality after appropriate ICD discharge, were blood urea nitrogen, lack of beta-
blockade, NYHA functional class, presence of atrial fibrillation (AF), and diabetes mellitus.10
The ICD therapy was associated with a 39% increased risk of a first HF hospitalization and a
58% increase in recurrent admission for HF.10

Analysis of data from the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT)!
showed findings consistent with those of the MADIT-II study.? In the SCD-HeFT study,
33% of HF patients received an ICD shock. Among these patients treated with ICD
discharges the most common cause of death was progressive HF. Patients receiving an
appropriate shock had a 5-fold increase in risk of death, whereas patients receiving an
inappropriate shock had a 2-fold increase in risk of death. Multiple shocks increased the
risk of death more than single shocks. The median time from shock to death was 168 days
among patients receiving appropriate shocks and 294 days among patients receiving
inappropriate shocks.3

The risk of death with appropriate ICD shocks was higher in the study by Poole et al. 1 -
increased by a factor of more than 5. The higher risk of death associated with appropriate
ICD shocks found by Poole and colleagues in comparison to the MADIT II study may be
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related to the longer follow-up and the exclusion of patients with NYHA class I disease
(selection of patients with higher risk than those in MADIT II). In addition these results
reflect the use of primarily single-lead ICDs, a single zone of therapy, and shock-only
programming for high-rate arrhythmias that were most likely to be life-threatening.! Similar
to MADIT-II patients, SCD-HeFT patients with NYHA functional class III and ischemic
cardiomyopathy had a shorter duration between initial shock and death. Subgroup analyses
from MADIT-II trial confirm that ICD shocks increase the risk for first and recurrent HF
events.2 10

One of the most important questions generated by these results is why ICD patients tend to
have worsening prognosis and more frequent HF after an ICD shock. Myocardial damage
induced by ICD shocks may contribute to worsening HF.11.12 This is suggested by the adverse
impact on prognosis of inappropriate shocks. In the MADIT-II study, however, inappropriate
shocks did not increase the risk of adverse outcomes. In the study by Poole and colleagues,
mortality after an inappropriate shock was approximately 3-fold less than after appropriate
therapy, thus downplaying the role of shock-induced myocardial damage contributing to HF
risk, and suggesting that arrhythmia may simply be a marker of worsening HF.3

In an editorial comment on the study of Poole et al., Healey and Connolly surmised the
situation as follows: “Although it is plausible that shocks somehow have an adverse effect on
myocardial function, this is unlikely to be a major factor. What is much more likely is that the
occurrence of a ventricular arrhythmia that causes a shock is signaling a meaningful change in
the patient’s clinical status....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.”# We
concur with this opinion. Furthermore, inappropriate ICD discharges, which largely result
from atrial fibrillation or other rapidly conducting supraventricular tachycardias may be
associated with higher subsequent mortality because they too, though to a lesser degree than
ventricular tachyarrhythmias, signify underlying electrical and/or structural abnormalities
that negatively impact the prognosis of those patients who experience them compared to those
who do not.

Another interesting hypothesis is that right ventricular pacing with a dual-chamber ICD
may contribute to increased HF risk after ICD implant.’3 In the MADIT-II study, however,
the risk of HF events was similar whether patients received a single- or dual-chamber ICD
despite differences in right ventricular pacing (92% of patients with single-lead ICDs had no
pacing, whereas 66% of patients with dual-chamber ICDs had cumulative RV pacing
exceeding 50%).2 Even if right ventricular pacing has a certain contribution to the adverse
outcomes, the increased risk of HF after ICD implantation cannot be solely due to right
ventricular pacing.3

These findings suggest that, in HF patients, an ICD shock is associated with a 2-to 5-fold
increase in mortality, most commonly due to progressive HF.! It is not known whether the
arrhythmia leading to ICD shock is a marker for worsening HF or whether the shock itself
leads to worsening HF. Regardless of the individual factors causing greater HF events in
current ICD populations, there appear to be multiple triggers that, when combined with
high-risk patients, cause an increased HF risk. Heart failure patients with high-risk features
such as NYHA functional class IlI, atrial fibrillation (AF), and ischemic cardiomyopathy
require closer observation and management after ICD shock as sudden death risk is now
transformed to an increased HF event risk.3

It is unknown whether the increase in risk in association to the appropriate ICD shocks is
due to the ventricular arrhythmia (VA) or shocks and whether anti-tachycardia pacing
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(ATP) termination can reduce this risk. To determine whether mortality in ICD patients is
influenced by the type of therapy (shocks or ATP) delivered, Sweeney et al. evaluated the
effects of baseline characteristics, VT, fast VT (FVT, 188-250 bpm), VF, and therapy type
(shocks or ATP) on mortality among 2135 patients in four trials of ATP to reduce shocks.14
The results revealed that patients with VA episodes and shocks have higher mortality (20%
increased risk per shocked episode) than patients with neither or patients with VA treated
only with ATP. In addition patients with more VA episodes and more shocks have higher
mortality than patients with less of both. Interestingly, in this study, inappropriate shocked
episodes were not associated with increased mortality risk. There are three potential
explanations for these findings: (a) electrical trauma from shocks, but not ATP, increases
risk; (b) VA episodes increase mortality risk irrespective of terminating therapy; (c) VA
episodes and the shocks, but not ATP, increase mortality risk.4 Interactions between
adverse shock effects are possible for scenarios (a) and (c) such that patients with more VA
episodes may be more susceptible to harm from shocks. When electrical therapy type was
included in the statistical analysis, ATP-terminated VT and shocked VF remained significant
predictors of death. However, the risk in either case was indistinguishable from the risk
unqualified for therapy (4% for VT vs. 3% for VI ATP; 15% for VF vs. 16% for VF shocks)
and uncoupling the mortality effect of therapy type from episode type was impossible.
Therefore, it was not possible to conclude that shocks for VT are harmful and that ATP is
harmless or that shocks for VF increase episode risk.14 However, since 1/3 of FVT episodes
were shocked and 2/3 ATP terminated, episode and therapy type mortality effects could be
statistically uncoupled. FVT treated with ATP only was not associated with increased risk of
death, whereas similar FVT episodes that were shocked increased the risk of death by 32%
suggesting that shocks are associated with increased risk and ATP is not.14 The majority of
shocks (60%) were for FVT, and 72% of shocked patients had at least one shock for FVT,
making shocked FVT the most prevalent type of shocked episode and the dominant shock
effect in the mortality models. Most shocks that were delivered in this study were for FVT
and occurred at a 12 times higher rate among patients who died, whereas shocks for VF
occurred at a 8 times higher rate.

Time spent in VA was 7 times higher per month among patients who died, and episode
durations were higher for all episode/therapy combinations and greatest for shocked
episodes preceded by failed ATP (22-fold increase). In addition to receiving more shocks,
patients who died had longer duration shocked episodes (including failed ATP) and spent
more time in shocked episodes compared with survivors. It is possible that longer episode
durations after failed ATP magnify the adverse effect of shocks.14

In summary, the results from the study of Sweeney et al. confirm that shocks are associated
with increased risk of adverse outcomes while ATP is not. This is consistent with data from
MADIT II where ATP, unlike shocks, was not associated with increased risk of death.16

3.2 Possible mechanisms for increased risk of negative outcomes associated with
appropriate ICD shocks

The idea that shocks are associated with risk of death and HF in ICD patients is not new. A
commonly held interpretation is that VA is a marker for clinical deterioration, shocks are
harmless, and the increased risk reflects progression of the myocardial disease.l 1417

An alternative explanation is that shocks may causally increase risks of HF and death. In
MADIT 1I, the risk of first and recurrent HF hospitalization increased by 90% and 74%,
respectively, after appropriate shocks.10 Survival after the first appropriate shock was 80% at
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1 year. This was significantly less than the survival before the first shock, and the
nonsudden cardiac death rate increased 17%.8

Shock-related myocardial injury has been investigated extensively. Large shock field
strengths destroy cardiac myocytes causing biomarker release, which increases with shock
strength and proximity to recent MI.11. 12, 18 The severity of post-resuscitation myocardial
depression increases with shock strength, and is inversely related to survival. Repetitive
shocks may cause cardiovascular collapse and death due to electromechanical
dissociation.14

One reasonable hypothesis would be that the specific type of the arrhythmia episode may
precondition the myocardium to the adverse effects of shocks and that factors unique to
spontaneous ventricular arrhythmias magnify these effects, particularly in ATP-
unresponsive ventricular episodes.

Investigations of shock-related myocardial injury have focused on acute effects that may be
insufficient to account for reduced survival after appropriate shocks.l4 Other mechanisms
may be important. Shocks may activate signaling pathways in the molecular cascade of HF.
The clinical consequence may manifest months after shocks.

In contrast to the data on ICD shocks, there is no evidence that ATP has adverse cardiac
effects. ATP termination of VT or FVT, unlike shocks, does not cause biomarker release 20 or
reduce ventricular pump function.?!

3.3 Clinical implications

Twenty-two percent to 35% of patients will receive appropriate ICD therapy for VT or VF
within 3 years of implant, with an annual ICD shock rate of 5%.1- 3 8 Despite the possible
increase risk of death and HF with shocks, ICDs prolong survival.1# Near total reliance on
shocks may have underestimated the ICD survival benefit in the above-mentioned clinical
trials. The SCD-HeFT study was designed to provide ICD therapy that consisted of shock-
only, single lead therapy for rapid, sustained VT or VF. No dual chamber or ATP therapy
was allowed.3 The incidence of appropriate shock for VI or VF was 22.4%. Sixty-seven
percent of patients received no ICD therapy. In the MADIT-II study, dual-chamber devices
were used with the capability of ATP or shock therapy.

Since VF can only be terminated with shocks, uncoupling therapy from episode risk could
be indirectly addressed with graded shock energies.l4 Strategies to minimize shocks by
using ATP as first line device therapy when possible,?? decrease shock energies, and reduce
the burden of ventricular arrhythmias by using antiarrhythmic drugs and substrate
modification may further improve survival in ICD patients.’4 There are several other
strategies that were proven effective in reducing device shocks. In a recent study by Desai
and colleagues In the present study of 549 patients with heart failure and ICDs, smoking
significantly increased the incidence of appropriate ICD shocks 3.7 times, and the use of
statins significantly reduced appropriate ICD shocks by 46%.2 This is consistent with
previous results from the MADIT II trial.24 25

4. Inappropriate ICD shocks

Inappropriate ICD discharges result from the inability to distinguish supraventricular from
ventricular arrhythmias, abnormal arrhythmia sensing or mechanical problems such as lead
fracture, insulation break, and lead dislodgement. The shocks are painful, psychologically
disturbing, potentially arhythmogenic and possibly associated with worse survival.
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4.1 Incidence, mechanisms, and predictors of inappropriate shocks

An important contribution to the literature on the epidemiology of inappropriate ICD
therapy was provided by the investigators of the MADIT II trial.’6 The authors reported an
incidence of inappropriate shocks of 11.5 % with a cumulative 1 and 2 year event rate of 10%
and 13% respectively.’® In other studies such as AVID, PainFREE Rx, SCD-HeFT the
incidence of inappropriate shocks was reported to be 20%, 15% and 32% respectively.l 26
The MIRACLE ICD study reported an incidence of inappropriate detection of 32% but not
all detections resulted in an ICD discharge. Although the incidence of inappropriate ICD
shocks was found to be somewhere between 10% and 35% in all the studies available in
literature, the ratio of inappropriate ICD shocks over the appropriate shocks varies widely
depending on the population that was studied. The highest ratio is expected to occur in
patients who receive ICDs for primary prevention where the incidence of appropriate ICD
shocks is relatively low. The majority of these patients experience the first inappropriate
shock after a mean period of 17+15 months from the device implantation. The cumulative
percent rate was found to be around 7% at 1 year, 13% at 3 years and 18% at 5 years.
Approximately a third of the patients who receive one inappropriate shock typically receive
the second one after a mean period of 11+11 months with the cumulative event rate of 28%,
49%, and 55% at 1 year, 3 years and 5 years respectively after the first shock.”

The most common causes of inappropriate ICD shocks are supraventricular tachycardia
episodes and inappropriate sensing. Of all supraventricular tachycardias, AF with rapid
ventricular response is the most common cause of an inappropriate ICD shock. This occurs
because most ICDs are programmed to recognize VT when the heart rate exceeds a
threshold value and SVTs may do so. Device companies have developed algorithms by
which ICDs may differentiate VT from SVT using such parameters as sudden onset, rhythm
stability and electrogram template matching. These strategies have demonstrated little
impact in reducing discharges for SVT in part due to limited rhythm discrimination, because
VT and SVT can mimic each other, and in greater part because they are probably little
utilized by programming physicians.

Atrial fibrillation (AF) is a common finding in patients with low left ventricular ejection
fraction and HF symptoms. Among HF patients, AF can occur with a prevalence of as high
as 50% in patients with New York Heart Association (NYHA) functional class IV. Patients
with HF and ICDs who also have AF have a significantly higher risk of experiencing
inappropriate ICD shocks than patients without AF. Furthermore, patients with permanent
AF seem to have doubled risk of developing an inappropriate shock, and patients with
paroxysmal or persistent AF are exposed to a tripled risk of developing inappropriate ICD
shocks when compared with the patients without any history of AF.

There are other risk factors for inappropriate shocks in addition to supraventricular
tachyarrhythmias. Age younger than 70 years, nonischemic cardiomyopathy, non-use of
statins, smoking, and interim appropriate ICD shocks were reported to be independent
predictors of inappropriate ICD shocks.16: 24,29

The MADIT 1I trial data analysis as well as other recent studies shows a significant 3-fold
increase in the risk of inappropriate ICD shocks among current smokers. The overall risk of
inappropriate ICD therapy was significantly increased among current smokers (20%)
compared to past smokers (14%) and patients who never smoked (11%). This difference was
mainly due to the increased numbers of ICD shocks in the current smokers group. The main
causes of the ICD shocks in these groups were supraventricular tachycardia and sinus
tachycardia, which were more frequent in current smokers than in past and never-smokers.
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Tobacco smoke causes sympathetic stimulation as well as increased platelet reactivity and
endothelial dysfunction, tachycardia and high blood pressure, all of these leading to
supraventricular tachycardia which could potentially induce inappropriate ICD shocks.. 24
In some cases the treatment for ventricular arrhythmias can precipitate AF and initiate an
inappropriate ICD discharge. An inappropriate therapy itself causing VT can lead to an
appropriate ICD discharge as well. Most of the patients who received an ICD for VT or VF
have predisposing factors that are common for VT and AF, which also makes them more
prone in developing AF and increases their risk of inappropriate discharge. 30,31

Recent studies have demonstrated that patients younger than seventy years old are at
increased risk for experiencing inappropriate ICD shocks?* due chiefly to sinus tachycardia
episodes.?”

One study has demonstrated that the cause of inappropriate shocks is partly dependent on
the number of ICD leads. Patients with single chamber devices received more shocks for
sinus tachycardia compared to those with dual chamber units (28% vs 8%) ,whereas
patients with CRT devices received more shocks due to abnormal sensing compared to
patients with single chamber ICDs (15% vs. 8 %).27

4.2 Prognostic importance of inappropriate ICD shocks

Data from ICD trials have demonstrated that inapropriate ICD discharges may compund
the prognostic risk of appropriate shocks. Poole et al. found that among patients who
received ICDs for primary prevention of SCD the risk of death doubled when inappropriate
shocks were delivered in comparison to patients who did not receive shocks at all.! A
patient who received an appropriate shock and an inappropriate shock has a risk of death
increased by a factor of 11 when compared with a patient who received no shock at all. The
patients who received at least two previous appropriate shocks and have received an
inappropriate shock have a risk of death increased by 15 and additional inappropriate
shocks do not result in further increase in the risk of death. Similar findings were reported
in the MADIT 1I trial. Although previous studies reported appropriate shocks to be
predictors of future CHF hospitalizations, in the MADIT II trial the inappropriate shocks did
not predict future hospitalizations.1¢

It is uncertain why an inappropriate shock is associated with an increase in mortality. One
possible explanation could be the fact that the development of AF, the most common cause
of an inappropriate shock, in a patient with heart failure carries a worse prognosis.32
Benjamin et al. showed that the occurrence of AF was associated with a 1.5 to 1.9-fold risk of
all-cause mortality.32 These findings were confirmed also in an ICD population by Borleffs
and colleagues who found a 1.7 times increased risk of mortality in patients with permanent
AF when compared with non-AF population. The highest mortality is shown by the patients
who have permanent atrial fibrillation followed by those with persistent atrial fibrillation
and then by patients with paroxysmal atrial fibrillation. 28

Other causes that could explain the increase in mortality could be explained by the direct
effect of the shocks on the myocardium. The presence of positive cardiac markers after
inappropriate discharge suggests that the shock causes myocardial damage leading to
ventricular dysfunction.28 33 Shocks with higher energy delivered are more likely to cause
more myocardial damage. Tokano and colleagues demonstrated that shocks with energy
greater than 9 J cause a 10% to 15% transient reduction of the cardiac index. The duration
and the extent of the effect are proportional to the shock strength. The detrimental
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homodynamic effect of a ventricular defibrillator shock appears to be due to the shock itself,
and not to ventricular fibrillation. The latest conclusion was drawn from the observation
that a similar degree of ventricular stunning was noted after shocks delivered during the
baseline rhythm as with shocks that terminated ventricular fibrillation.34

4.3 Impact on psychology and life style

Delivery of an ICD shock, is often associated with increased psychological distress in
patients and their families.3 3¢ The AVID trial extended these findings by demonstrating
that patients who received more than one ICD shock within the initial year of implantation
reported significant declines in physical functioning and mental well being.3” Increased
sadness, anxiety, fatigue, and nervousness were also found to be associated with more ICD
discharges3® Other studies reported that overall psychological distress was significantly
correlated with the total number of ICD shocks a patient receives.3?

4.4 Clinical implications

Ever since ICD therapy was developed technology improved constantly including the
ability to differentiate supraventricular from ventricular tachyarrhythmias and to prevent
inappropriate discharges. In spite of all the progress been made, recent research that
assessed the incidence of inappropriate shocks in the ICDs implanted recently in
comparison to those implanted a while ago did not show any improvement even more than
that it appeared that the patients who received the ICDs more recently are exposed to a
greater risk of developing an inappropriate shock. This phenomenon is mostly explained by
the fact that guidelines for ICD implantation keep changing, shifting more towards primary
prevention. The primary prevention group is represented by patients who usually have a
more advanced underlying cardiac disease, which exposes them to a higher risk of
developing AF, which is the number one cause of inappropriate discharge3® Criteria
incorporated in the modern ICD algorithms used to discriminate ventricular from
supraventricular tachycardia include rapidity of onset of the arrhythmia and QRS
morphology .40 Discriminating algorithms typically increase the specificity but at the same
time they decrease the sensitivity for VT recognition.*!

Despite widespread use of antiarrhythmic medications in patients with ICDs there are only
a few studies documenting the efficacy of these therapies in this patient population. Sotalol
and dofetilide when used as antiarrhythmic agents in patients with ICDs were found to
reduce the risk of inappropriate shocks.42 4 Amiodarone was also found to be effective in
preventing inappropriate shocks in patients with ICDs but it has a significant number of
side effects and can lead to elevation of the defibrillation threshold (DFT).

In addition, the p-adrenergic blocking agents are efficacious antiarrhythmic drug therapies
and can be effective in reducing the incidence of both supraventricular and ventricular
arrhythmias in ICD patients.

Finally, trying to address other identifiable predictors of innapropiate shocks might be beneficial
in terms of reducing both appropriate and inappropriate shocks: smoking cessation, treating
illnesses that can cause sinus tachycardia, starting the patient on a statin if appropriate.
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1. Introduction

Progress in implantable cardioverter-defibrillator (ICD) technology has led to significant
improvements in the management of malignant ventricular tachyarrhythmias (VT) from
patients with different etiologies [Henkel & Witt 2006, Javaray & Monahan 2005]. Figure 1
depicts the case of a patient who experienced a malignant ventricular fibrillation rapidly
resolved by the ICD.
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Fig. 1. Example of malignant ventricular tachycardia degenerating in ventricular fibrillation,
automatically recognized and treated by the ICD.

In addition, the ability of these devices to record and store information on electrical cardiac
activity immediately preceding the arrhythmia onset and during its course has enabled the
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assessment of the initiation pattern and characteristics of these arrhythmias. Eventually, at
the end of the nineties, it has been shown that coronary artery disease (CAD) and dilated
cardiomyopathy (DCM) underlie different mechanisms of spontaneous and induced VT
[Pogwizd et al. 1998, Chung et al. 1997]; moreover ,differences in spontaneous VT from ICD
recipients began to be investigated. Indeed, since the early 2000, various studies have
analyzed intracardiac electrograms (EGMs) and initiation VT pattern [Gorenek et al. 2006,
Taylor et al. 2000, Saeed et al. 2000], while others have investigated circadian distribution
[Carson et al. 2000, Englund et al. 1999, Eksik et al. 2007, Taneda et al. 2001] of spontaneous
VT in ICD patients. Some of these studies [Taylor et al. 2000, Saeed et al. 2000, Englund et al.
1999] have failed to detect differences in both the patterns of initiation and in EGMs between
patients with different etiologies of heart disease. In contrast, differences in the circadian
distribution were detected in other studies [Carson et al. 2000, Taneda et al. 2001], showing
that patients with CAD had a peak of the VT episodes in the morning, whereas patients with
non-ischemic cardiomyopathy and heart failure had a more uniform VT distribution during
the light hours and a few episodes during the night. The main limitation of these studies lies
in their definition of non-ischemic cardiomyopathy, which included different cardiac
diseases such as dilated cardiomyopathy, hypertrophic cardiomyopathy, valvular heart
disease, right ventricular dysplasia and others.

Unlike previous studies, this study focuses exclusively on patients with CAD and those with
DCM. Therefore, by analyzing spontaneous VT from ICDs, we sought to determine whether
there were differences in EGM characteristics obtained from far-field recordings, VT
prevalence, initiation patterns and circadian distribution between patients with CAD and
DCM. A subset of this study was preliminarily presented [Casaleggio et al. 2008].

2. Methods

2.1 Electa registry

Sixty-seven patients were enrolled in the ElectA Registry (Electrogram Analysis) which
included subjects undergoing implantation of St. Jude Medical single chamber ICD devices
(models: Contour, Profile and Angstrom) for secondary prevention of aborted sudden
cardiac death (SCD) due to ventricular fibrillation or sustained VT episodes (with duration
greater than 30 sec). Among them, 46 had ischemic cardiomyopathy due to CAD, 17 had
primary DCM and 4 had other etiology: one Brugada Syndrome, one RV Dysplasia and two
hypertrophic cardiomyopathies.

ICDs allowed acquisitions of the EGMs in bipolar or far-field modes. In bipolar mode, EGMs
were recorded between distal coil and electrocatheter tip at the right ventricular lead tip,
and filtered with an high pass at 12 Hz. In far-field mode, EGMs were recorded between the
distal coil and the active can of the device without low frequency filtration. In our previous
study [Casaleggio et al. 2006], we examined the differences between bipolar and far-field
recordings, and observed that the two modes of acquisition should not be combined to
avoid characterization errors. Furthermore, far-field recordings easily recognized pacing
beats, allowed a better definition of the T-wave in sinus rhythm and a higher discrimination
of the QRS morphology for the off-line diagnosis of VT (see Figure 2).

In order to study VT-onset, ICDs were programmed to store EGMs of 2 minutes at a
sampling frequency of 250 Hz, that allowed up to three EGMs recordings on a single
channel at each follow-up. Moreover, since storage was triggered on VT initiation (when VT
is shorter than 2 minutes), the protocol required a pre-trigger of 20 sec. at minimum to
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Fig. 2. Schematic of bipolar and far-field EGMs from ICDs. In the right side of the panel the
main characteristics of the two types of recordings are described and examples are shown.

monitor basal rhythm immediately before VT initiation. Patients gave written consent for
the implantation , follow-up and planned evaluations; they were identified by their ICD
serial numbers. Patients were excluded from the ElectA study if they had an indication to
dual-chamber ICD implantation, or refused to consent. ICD settings were at the discretion of
the physician, except for a pre-trigger at 20 seconds. No requirements were proposed either
for VT- therapy (rate cutoff and monitoring zone) or bradycardia pacing, although all
clinicians programmed a lower rate in VVI mode at 50-60 beats per minute.

Clinical information for each patient including age, gender, heart disease, left ventricular
ejection fraction, and antiarrhythmic drug therapy at the time of ICD implant, were
documented by review of clinical records. Information on VT events and circadian
distribution were retrieved from the log file of the ICD device. ICD follow-up was routinely
performed every 3-4 months and whenever patients felt palpitations, dizziness or shock.

2.2 Patient population

The present study focused only on patients with CAD or DCM. The CAD group included 46
patients (26 of which had VT episodes) with a history of previous myocardial infarction,
angina, coronary angioplasty or coronary by-pass surgery. The DCM group included 17
patients (11 of which had VT episodes) with progressive cardiac dilation and left ventricular
systolic dysfunction (ejection fraction less than 0.40), without significant CAD defined as
greater than 50% stenosis in at least one vessel by coronary angiography. In all patients
secondary etiology was excluded by clinical evaluation of potential causes such as
alcoholism, thyroid disease, viral infection of the heart, valvular heart abnormalities,
heredofamilial disease, or toxic drugs. No endomyocardial biopsy was obtained.

The baseline characteristics of CAD and DCM patients that experienced spontaneous
malignant VT episodes are reported in Table 1.
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CAD |DCM |p

N. of patients with VT 26 11

Clinical Characteristics

Age (years) 70+10 |64%12 |ns
Gender (male/female) 23/3 10/1 |ns. ®
Follow-up (months) 33+10 |24+13 |<0.03"
Ejection Fraction (%) 35+8 31+9 n.s. (%)
NYHA Class: 1 / II+11I (n) 2/24 2/9 n.s. ®
Basal rhythm:

Sinus / Atrial fibrillation (n) 23/3 8/3 n.s. ®
Treatment at ICD implant:

Amiodarone , n (%) 14 (54%) | 3 (27%)
Beta-blockers , n (%) 1(4%) 1(9%)
Amiodarone + Beta-blockers, n (%) |3 (11%) |1(9%)

None or other drugs, n (%) 8 (31%) | 6(55%)

Table 1. Clinical Characteristics of CAD and DCM patients with VT episodes; () Statistical
analysis performed with Student T-test; () Statistical analysis performed by chi-square test.

2.3 Modes of VT initiation and evaluated EGM characteristics

All VT episodes (monomorphic and polymorphic VT and ventricular fibrillation) were
analyzed by cardiologists. VT were identified by a sudden increase in heart rate (defined
as a rhythm greater than 140 beats per minute) along with a change in EGM morphology
from the baseline rhythm. Arrhythmias due to atrial fibrillation or atrial flutter were
excluded from the analysis. Using EGMs, VT initiation was characterized as follows: VT
initiated by a premature ventricular contraction (PVC), defined as PVC pattern (Fig. 3A);
VT initiated by a short-long-short cycle (SLS pattern, Fig. 3B); VT initiated with a PVC
immediately after a paced ventricular beat (PM pattern, Fig. 3C). The pause preceding
paced beats was considered appropriate if it was consistent with the programmed pacing
escape interval.

For each VT episode the following features were analyzed: (i) VT-cycle defined as the
median value of the VT cycles, in milliseconds (msec); (i) Coupling interval (CI) taken as the
interval between the first beat of VT and the previous baseline beat, in msec; (iii) Prematurity
index (PI) calculated by normalizing the coupling interval to the preceding RR interval; (iv)
Median heart cycle of the 20 seconds immediately preceding VT onset (HC-PreVT), in msec;
(v) number of PVC and (vi) number of paced beats in the 20 sec preceding VT. The
morphological analysis of PVC and VT was not considered.

Circadian distribution analysis was made over a 3 hour time interval, performing a
sufficiently detailed analysis and an adequate number of VT episodes in each time interval.
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Fig. 3. Examples of tachyarrhythmia initiation patterns from ICD recordings: Panel (A)

shows a PVC onset, Panel (B) is a short-long-short (SLS) onset, Panel (C) illustrates a
tachyarrhythmia initiated immediately after a paced beat (PM onset); Numbers between R-

peaks indicate RR intervals in msec.
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2.4 Statistical analysis

Intervals and continuous variables are expressed as mean + standard deviation. Differences
between groups are analyzed using the Student T-test for continuous variables or the Chi-
square test for categorical variables. Statistical significance is assumed when p<0.05. The
number of VT per patient, and the number and type of VT-onset experienced by the
patients, are considered together with their average values. Differences between average
values are analyzed using the Student T-test.

Circadian distributions are modeled by polynomial (fifth order) and harmonic regression
(two harmonics). It is expected that distributions with peaks and dumb-peaks can better be
fitted by harmonic models, while smooth distributions would be better modeled as
polynomials. Goodness of fit of the regression models has been tested using the coefficient

of determination R*, defined as in equation (1):

2 Z '(yi_]?i)z
RA(y)=1-=idi "I
T )

In equation (1) the value of y, represents the measured variable for each 3-hour interval, ¥,
is its mean value, and , is the approximation obtained by the regression model. No formal
sample size calculation has been performed.

3. Results

A total of 218 VT episodes were recorded in far-field mode during a follow up period of 30 +
12 months. The analysis included all VT episodes requiring ICD therapy by antitachycardia
pacing or shock cardioversion, as well as non-treated VT that recovered spontaneously. In
particular 165 VT episodes which occurred in 37 patients, including 26 CAD patients (79
episodes) and 11 DCM patients (86 VT episodes) were analyzed. The remaining 53 VT
episodes, (29 from DCM and 24 from CAD patients) could not be analyzed because, lasting
more than 2 minutes, VT initiation was not available for ICD programmable setting. No
under-sensing was observed.

As shown in Table 2, there were significant differences between CAD and DCM patients
with VT episodes. In particular, DCM patients experienced a significantly higher number of
VT episodes and more variable pattern of VT initiation.

Table 3 presents the statistical analysis of EGM features associated with specific VT
initiation patterns in patients with CAD or DCM. There were no significant differences
between CAD and DCM groups. However, within each group, the SLS and PM patterns
showed a significantly lower prematurity index than the PVC pattern. In addition, the PM
pattern demonstrated a significantly longer heart cycle preVT versus PVC and SLS (p <
0.01).

Figures 4 and 5 depict the circadian distributions of VT episodes in CAD and DCM patients,
with an analysis in the overall groups (Fig. 4) and in subgroups with different patterns of VT
initiation (Fig. 5). Figure 4 shows the presence of the two peaks in CAD patients, and a more
uniformly distribution during daylight hours with a few VT episodes during the night in
DCM patients.
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CAD DCM P
Number of patients with VT 26 11
Analysis of the 20 sec basal rhythm preceding VT-onset
Paced beats / All beats 1/28 1/27 ns. #)
Premature ventricular contraction / All beats 2/27 3/27 s.A)
Analysis of VT episodes
Number of VT episodes 79 86
Number of VT episodes per patient, mean +SD 32 8x5 <0.02 @
Analysis of the VT-onset patterns
Total number of VT per pattern:
PVC, n (%) 59 (75%) | 51 (59%)
SLS, n (%) 13 (16%) | 22 (26%) |+ n.s?”
PM, n (%) 7 (9%) 13 (15%)
Number of patients with 1, 2 or 3 patterns:
Patients with a single initiation pattern, n (%) | 22 (85%) | 5 (45%)
Patients with two initiation patterns, n (%) 4(15%) | 3(27.5%) | < 0.01)
Patients with three initiation patterns, n (%) 0 (0%) 3 (27.5%)
Average number of patterns per patient, mean £SD 11+04 | 1.8£09 |[<0.01®

Table 2. Analysis of VT episodes in patients with CAD or DCM: Different statistical tests
were applied: (%) Statistical analysis is performed with Student T-test; ) Statistical analysis is
performed by chi-square test; () chi-square test is done on 3x2 table to test different Number
of VT per pattern in CAD vs. DCM; () chi-square test is computed on 3x2 table to test
different Number of patients with 1, 2 or 3 patterns in CAD vs. DCM patients.

CAD Patients DCM Patients
VT onset PVC SLS PM PVC SLS PM
# of Episodes 59 13 7 51 22 13
VT cycle (msec) 356+62 325+45 298+68 323+48 343+44 332+85
CI (msec) 497+147 515+70 600+136 4994162 | 542+112 533+125
PI 0.75+0.18 | 0.56+0.11* | 0.5+0.12* | 0.76+0.22 | 0.62+0.12* | 0.48+0.14*+
HC-PreVT (msec) | 697170 | 663+112 | 1018+121*+ | 665142 | 716+146 | 923+151*+

Table 3. EGM features associated with specific VT onset patterns in patients with CAD or
DCM. Statistical significance is indicated as follows: * p <0.01 versus PVC within the same
etiology group; * p<0.01 versus SLS within the same etiology group. Legend: VT patterns
are defined as follows: PVC: VT initiated by a premature ventricular contraction; SLS: VT
initiated by a short-long-short cycle; PM: VT initiated with a PVC immediately after a paced
beat. CAD: coronary artery disease; DCM: dilated cardiomyopathy; CI: coupling interval, PI:
prematurity index, HC-PreVT: heart cycle in the 20 seconds preceding VT-onset.
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Fig. 4. Circadian distribution over a 3 hour time interval of CAD and DCM patients along
with polynomial (dashed line) and harmonic (solid line) regression models.
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Fig. 5. Circadian distribution over a 3 hour time interval of CAD and DCM patients
separated for the three different modes of onset. Corresponding polynomial (dashed line)
and harmonic (solid line) regression models are shown.

To substantiate the observation that CAD and DCM population have different circadian
distribution of VT episodes, the coefficients of determination (R?), corresponding to the
harmonic and polynomial regression models depicted in Figure 4, are computed. VT
circadian distribution of CAD patients is better approximated by a harmonic model
(R2=0.963 vs. R2=0.767 of polynomial regression). In DCM patients, harmonic and
polynomial regression lead to similar R2? values (R2=0.983 vs. R2=0.997, respectively),
although the higher R? value is obtained approximating circadian distribution using a
polynomial model.

Finally, determination coefficients of circadian distributions computed for homogeneous VT
initiation pattern (PVC, SLS and PM) are resumed in Table 4.
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CAD Patients DCM Patients
PVC SLS PM PVC SLS PM
Harmonic model 0.84 0.92 0.71 0.78 0.91 0.85
Polynomial model | 0.83 0.77 0.9 0.86 0.68 0.98

Table 4. Determination coefficient for harmonic and polynomial regressions: differences
between CAD and DCM patients with similar VT-initiation patterns. Better performances
are indicated in bold.

4. Discussion

The aim of this study was to determine whether there were differences in spontaneous VT
initiation patterns and circadian distribution between ICD patients with CAD and DCM.
Analysis of VT onset identified episodes triggered by a premature beat and two patterns of
VT preceded by short-long-short cycles. The latter includes the SLS onset, which can be
viewed as a spontaneous form, and the PM onset in which the ICD device facilitates VT
initiation during anti-bradycardia pacing.

Significant differences between CAD and DCM were observed in the number of VT per
patient and in the variability of the VT onset pattern (see Table 2). Patients with DCM had a
significantly higher number of VT episodes despite clinical characteristics, ejection fraction
and NYHA class were similar to CAD patients. It should be noted, as reported in Table 1,
that the duration of follow-up was significantly longer in the CAD group, making the
observation of a lower number of VT episodes in this group even more significant.

Other EGM features such as VT-rate, coupling interval and prematurity index, as well as
those obtained from the EGM in the 20 sec preceding VT-onset (heart cycle, average number
of PVC and of paced beats) were also studied (see Table 2 and 3) and, consistent with
previous observations, no significant differences between CAD and DCM groups were
observed. This might indicate that the studied EGM parameters do not express the intrinsic
differences in the cardiac substrate of the two etiologies, as they are shown in the literature
[Pogwizd et al. 1998, Sarter et al. 1998].

4.1 VT initiation patterns

In the literature the PVC onset is the most frequent mode of VT initiation [Taylor et al.
2000, Saeed et al. 2000]; SLS onset has been described as an arrhythmogenic mechanism
[El-Sherif et al. 1999] distinct from PVC onset also in ICD recipients [Sarter et al. 1998].
Finally PM onset, observed only in case studies at the end of the nineties [Vlay & Vlay
1997], has been observed recently to occur in 8% - 15% of VT episodes in ICD patients
[Sweeney et al. 2007].

Premature ventricular contraction (PVC) was the most frequent VT initiation pattern,
especially in CAD patients.

Our results are consistent with findings from other authors [Gorenek et al. 2006, Taylor et al.
2000, Saeed et al. 2000], who underscored the importance of the initiation pattern of
sustained VT in patients with ICDs. Gorenek et al. [Gorenek et al. 2006] and Saeed et al.
[Saeed et al. 2000] analyzed the differences between VT onset preceded by several
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immediate PVCs (denominated extrasystolic onset) and VT with sudden onset, showing that
extrasystolic onset was the most common pattern of VT initiation and was associated with
lower ejection fraction. Sudden-onset initiation was more common with better preserved
systolic function. Non sudden onset episodes required higher levels of shock energy and
more frequent multiple shock achievements than sudden onset episodes [Gorenek et al.
2006].

In the present study the analysis of the modes of VT-onset indicated that 12% of VT initiate
immediately after a paced beat, which may suggest a proarrhythmic effect of pacing in some
patients [Sweeney et al. 2007, Himmrich et al. 2003]. These results are consistent with recent
findings: Sweeney et al [Sweeney et al. 2007] found a 9.4% rate of VT initiated immediately
after anti-bradycardia pacing in patients with a single chamber ICD, such as those used in
our study. In our study the prevalence of VT with PM-onset was higher in DCM (15%) than
CAD (9%), but statistical analysis with chi-square test shows that this difference is not
significant (p<0.28). On the contrary, a statistically significant difference between CAD and
DCM populations is obtained from the analysis of the number of initiation pattern
indicating a more heterogeneous VT-onset in DCM patients (see Table 2). In particular, in 3
DCM patients all the three initiation patterns are present, while most of CAD initiated their
VT always with the same mode.

Results in Table 3 indicate EGM features do not allow discriminating differences between
CAD and DCM, suggesting that EGM features do not correlate with the cardiac disease
substrate. However, in each group, significantly higher prematurity index and median heart
cycle PreVT were observed in VT with PM-onset with respect to other VT initiation modes.
The HC_PreVT can be explained by observing that anti-bradycardia pacing is a consequence
of a low spontaneous heart rate. The significantly higher PI of PM-onset episodes, observed
both in CAD and DCM patients, deserves further investigation.

4.2 Circadian distribution

In the literature the circadian distributions of VT episodes in the CAD population has been
studied and a non-uniform distribution with clear peaks in the morning and afternoon has
been observed [Englund et al. 1999, Eksik et al. 2007]. Results are controversial in the case of
non-ischemic patients. While in some papers [Englund et al. 1999, Anand et al. 2007] non-
ischemic disease presents circadian distribution similar to ischemic patients, in other studies
[Carson et al. 2000, Taneda et al. 2001] non-ischemic patients do not have the morning peak
and circadian distribution is almost uniformly distributed during daylight hours. The
present study shows the presence of the two peaks in CAD patients, and a more uniformly
distribution during daylight hours in DCM patients (see Fig. 4). This conclusion is further
supported by our observation that the timing of VT-onset in CAD and DCM populations are
described by structurally different statistical models, with harmonic and polynomial
regression providing the best fitting function in CAD and DCM, respectively. The finding
that the circadian distribution of VT in CAD patients is better described by a harmonic
function (such as a bimodal activity) may suggest that the underlying arrhythmogenic
mechanism could be oscillating during the 24-hour period, as is the case of the autonomic
sympathetic-vagal balance. This hypothesis is supported by Taneda et al. who described a
much higher peak of VT in the morning in patients not taking beta-blockers vs. patients who
did [Figure 2 in Taneda et al. 2001]. Similarly, Dorian suggested that sympathetic activation
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can lead to a distributed shortening or, in some cases, prolonged action potential in the
substrate, increasing the risk for reentrant arrhythmia [Dorian 2005].

By contrast, the result that the DCM circadian distribution is polynomial rather than
harmonic, may suggest a different underlying mechanism at the basis of VT initiation. The
observation that almost all VT occur during the day-light and almost none during the night,
might lead to the hypothesis that sympathetic tone could be involved. In fact, Pogwizd
described that a cardiac preserved beta-receptor responsiveness might likely facilitate early
and delayed after-depolarizations, and, consequently, a triggered activity [Pogwizd et al.
2001, Pogwizd et al. 2004].

Such considerations might lead to speculate that sympatho-vagal tone changings could
facilitate a reentry in the CAD group, while a higher sympathetic tone could determine a
dangerous triggered activity in the DCM one.

It is noteworthy that the three different initiation patterns of VT episodes also show
differences in the circadian distribution. (Figure 5 and Table 4).

VT initiated with PM pattern are better described, in both DCM and CAD patients, by a
polynomial model. Distribution is almost uniform during the observed 24 hours in the DCM
group , while it is mostly focused during the night in the CAD group. Although the number
of VT is small (7 PM-onset in CAD and 13 in DCM), the result in the CAD population may
be consistent with a lower heart rate occurring during the night, promoting a greater anti-
bradycardia pacing intervention . It is less obvious to explain the finding in DCM, because
the PM-onset occurs almost uniformly during the whole day. An increased prevalence of
post-extrasystolic pauses distributed during the whole day, determining a frequent pacing
escape, is more likely.

Circadian distribution of SLS patterns are well described by a harmonic models in both
CAD (R2 = 0.92 vs 0.77 for polynomial model) and DCM (R2 = 0.91 vs 0.68 for polynomial
model) with VT initiation especially between 9 a.m. to 6 p.m. in CAD, while it is evident a
very strong peak between 3 p.m. to 6 p.m. in DCM patients.

Finally, the distribution of the PVC patterns is better described by a polynomial regression
in the DCM group (R2=0.86 vs. 0.78 for harmonic regression) with a peak in the middle of
the day and no VT during the night (hour range: 0-6 a.m. ); a different behavior is observed
in the CAD group where a harmonic model fits slightly better (R2=0.84 vs. 0.83 for
polynomial model ), with distribution showing small peaks between 9 a.m. and 12 a.m. and
3p.m.to 6 p.m.

4.3 Limitations

The main limitations of this registry lie in the small number of patients and in the lack of
endomyocardial biopsy in the DCM group. In addition, only single chamber ICDs were
considered: they may present increased risk of PM-onset vs dual and three-chamber ICDs
[Sweeney et al. 2007]. About the pharmacological treatment, the only detailed information
was referred to implant date: eventual changes, during the follow-up period, were not
collected.

Moreover, to examine the basal heart rhythm before the VT initiation, a good quality EGM
at 250 Hz was obtained. As a consequence, for technical reasons, the ICD diagnostic
parameters were programmed to store at the most three VT episodes. This setting, however,
could have caused a lack of some episodes. For instance, in a DCM patient with some VT
storms, successfully treated with the anti-tachycardia pacing, it was not possible to analyze
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all the episodes, but only the latest ones. In order to limit these drawbacks, the same settings
were used for CAD and DCM groups and the follow-up was performed periodically,
(minimum of 3 to maximum 6 months) unless the ICD delivered a shock. In that case, the
patient was invited to contact the hospital for a visit as soon as possible and data were
retrieved by the ICD. It is authors’ opinion that the frequent follow-up could be sufficient to
minimize the number of undetected VT episodes.

5. Conclusion

This study examines the differences between CAD and non-ischemic DCM patients with
ICD. Our results show that patients with DCM exhibit a significantly higher prevalence of
VT episodes (p<0.02) and a significantly greater variability in the VT initiation pattern
(p<0.01). The circadian distribution (in a 3 -hour period analysis) of the VT-onset is also
different in the two groups: CAD patients exhibit a morning peak: between 9 and 12 a.m.
and an afternoon peak (around 6 p.m.), whereas DCM patients show a more uniform
distribution during waking hours and very few episodes during the night.

Eventually, no significant differences between CAD and DCM are observed from the
analysis of VT-rate, coupling interval, prematurity index. Likewise, the analysis of the EGM
signal during the 20 seconds immediately preceding VT onset show no significant
differences in the heart-cycle, prevalence of PVC, nor prevalence of paced beats.

This study (based on characterization of EGM, VT-onset and VT circadian distribution) does
not define a relationship between observed CAD-DCM differences and underlying CAD-
DCM electrogenetic-mechanisms. Nevertheless, our findings suggest different foundations
of VT initiation in patients with ischemic versus idiopathic dilated cardiomyopathy.
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1. Introduction

Sudden cardiac deaths remain the major cause of mortality in the western world.
Ventricular arrhythmia due to ischemic heart disease is the most frequent cause of sudden
cardiac death. In patients >35 years of age, ischemic heart disease is the most frequent cause
of ventricular arrhythmias. In patients <35 years of age, inherited cardiac diseases play a
significant role in sudden cardiac death. Prediction of who will experience a life-threatening
ventricular arrhythmia is a major challenge in current cardiology.

An implantable cardioverter defibrillator (ICD) provides efficient preventive treatment for
ventricular arrhythmias and sudden death and is implanted in patients at risk. However,
risk stratification of ventricular arrhythmias is insufficient and the majority of patients dying
suddenly have not been evaluated for ICD therapy.

Patients after myocardial infarction are at high risk for cardiac arrhythmic events and sudden
cardiac death (Zipes, 2006). Currently, LV ejection fraction (EF) is the primary parameter used
to select patients for ICD therapy after a myocardial infarction. Impaired EF is shown to be a
marker of increased cardiovascular mortality and sudden cardiac death. However, EF has
relatively low sensitivity to detect arrhythmic risk (Buxton, 2007). A number of other
diagnostic tests have been proposed to improve the accuracy for selection of patients for ICD
therapy. Currently available data, however, are not adequate to routinely recommend
additional risk-stratification methods for selection of patients for ICD therapy (Passman, 2007).
The presence of myocardial scar forms the substrate for malignant arrhythmias (Zipes,
1998). Heterogeneity in scar tissue may create areas of slow conduction that generate the
substrate for ventricular arrhythmia post-myocardial infarction (Verma, 2005). Electrical
dispersion, including both activation time and refractoriness, in infarcted tissue is a known
arrhythmogenic factor, (Endresen, 1987; Han, 1964; Janse, 1989; Vassallo, 1988). Electrical
abnormalities may lead to distorted myocardial function (Nagueh, 2008). Therefore, regional
differences in electrical properties may cause heterogeneity of myocardial contraction which
can be recognized as myocardial dyssynchrony (Yu, 2003).

In this report, a novel echocardiographic method will be presented in order to evaluate the
cardiac contractility pattern in patients at increased risk of life-threatening arrhythmias.

2. Modern echocardiographic modalities

Better echocardiographic tools for more accurate assessment of ventricular function have
been developed during the last 2 decades. Minor degrees of myocardial contraction
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heterogeneity and contraction dyssynchrony can be demonstrated by these modern
echocardiographic techniques (Reisner, 2004; Yu, 2007). One way to discover subtle wall
motion abnormalities caused by electrical heterogeneity would be to use strain
echocardiography (Edvardsen, 2002b). The introduction of strain echocardiography has
made it possible to accurately perform quantitative and objective measures of regional
ventricular function by measuring regional contraction by strain. Strain can accurately
quantify timing and deformation of regional myocardial function (Edvardsen, 2002a;
Reisner, 2004; Voigt, 2003).

Currently, visual assessment of regional myocardial function from 2-D image is the
standard echocardiographic method to assess ventricular function in daily clinical practice.
Visual assessment has had that position since the introduction of 2-D echocardiography.
This method has also been established as a clinically important tool in detecting regional
ventricular function, but has limited ability to detect more subtle changes in function and
changes in timing of myocardial motion throughout systole and diastole. Strain
echocardiographic technique may be used to accurately assess timing and function of
myocardial contraction in patients with increased risk of ventricular arrhythmias. The
hypotheses that echocardiography can contribute to arrhythmic risk assessment is based on
the assumption that arrhythmogenic electrical abnormalities will lead to mechanical
alterations which can be assessed by strain echocardiography.

2.1 Use of strain echocardiography for prediction of ventricular arrhythmias

We have recently reported that strain echocardiography can be used as a novel risk
predictor of ventricular arrhythmias in patients with the long QT syndrome (Haugaa, 2009;
Haugaa, 2010a). The long QT syndrome has traditionally been regarded as a purely
electrical disease. Sporadic reports have indicated, however, that the electrical alterations
may lead to mechanical consequences (De Ferrari, 2009; Nador, 1991). In our publications,
we could show by modern echocardiographic techniques that subtle contraction
heterogeneity was present in patients with the long QT syndrome, possibly due to electrical
abnormalities. Therefore, these echocardiographic techniques were able to detect subtle
changes in myocardial function. Furthermore, we could associate mechanical dispersion to
ventricular arrhythmias in patients with arrhythmogenic right ventricular cardiomyopathy
(Sarvari, 2011). Contraction heterogeneity defined as mechanical dispersion was a marker of
arrhythmias in these patients and could help risk stratification of arrhythmias in so far
asymptomatic mutation carriers. In a recent paper, we investigated if contraction
heterogeneity due to fibrosis in infarcted myocardial tissue leads to mechanical dispersion
in patients after myocardial infarction (Haugaa, 2010b). These results are briefly presented
below. We presumed that the mechanical dispersion reflected electrical heterogeneity. We
investigated if mechanical dispersion can predict ventricular arrhythmias in patients with
risk of ventricular arrhythmias. Furthermore, we investigated if global strain by
echocardiography is a better marker of arrhythmias than EF in patients after myocardial
infarction.

3. Study of 85 post Ml patients with an ICD

We prospectively investigated 85 post-MI patients fulfilling indications for ICD therapy. All
patients had prior myocardial infarction and indication for ICD therapy according to
primary or secondary prevention criteria. Arrhythmic events, defined as ventricular
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arrhythmias that required appropriate anti tachycardia pacing or shock from the ICD, were
recorded. During 2.3 years of follow up, 45% of the ICD patients experienced one or more
episodes with sustained ventricular tachycardia or ventricular fibrillation requiring
appropriate ICD therapy (anti tachycardia pacing or shock) while 55% had no sustained
arrhythmia during follow up.

Speckle tracking technique by strain echocardiography was used to assess the contraction
duration in each of the 16 left ventricular segments (Figure 1). Mechanical dispersion was
calculated as the standard deviation from contraction durations the 16 left ventricular
segments. Global left ventricular strain was obtained by averaging all segmental values for
maximum shortening in a 16 segment model.
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Fig. 1. Speckle tracking longitudinal strain curves from 6 segments in apical 4 chamber view
from a healthy individual with synchronous ECG recording below. Segment contraction
(shortening) starts during QRS and reaches a maximum myocardial shortening (white
vertical arrow) at the end of the ECG T-wave. (Modified from JACC Cardiovasc Imaging 2010
March;3(3):247-56).

The study showed that mechanical dispersion was significantly more pronounced in those
with arrhythmias compared to those without (Fig 2). Furthermore, mechanical dispersion
was a strong and independent predictor of arrhythmias requiring ICD therapy.

Survival analyses showed that ICD patients with mechanical dispersion > 70ms showed
more frequent arrhythmic events than ICD patients with dispersion < 70ms (Fig 3).
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Fig. 2. Strain curves from a healthy individual (left panel), a post MI patient with
arrhythmias (mid panel) and a post MI patient with recurrent arrhythmias (right panel).
White arrows indicate timing of maximum myocardial shortening. The post MI patient with
recurrent arrhythmias (right panel) has the most dispersed timing in myocardial contraction
and thereby most pronounced mechanical dispersion. (Modified from JACC Cardiovasc
Imaging 2010 March;3(3):247-56).
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Fig. 3. Kaplan Meier analyses of 85 patients after myocardial infarction with ICD.

Patients with mechanical dispersion > 70 ms have higher rate of arrhythmic events during
follow up compared to patients with mechanical dispersion < 70 ms. (Modified from JACC
Cardiovasc Imaging 2010 March;3(3):247-56).
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In ICD patients with EF > 35%, mechanical dispersion was more pronounced in those who
experienced arrhythmia compared to those without. Global strain showed better left
ventricular function in those without recorded arrhythmias, while EF did not differ.

The results of the study showed that increased heterogeneity of myocardial contraction
measured by strain echocardiography predicted cardiac arrhythmias better than current risk
stratification tools. This novel method may improve risk stratification of cardiac arrhythmias
and help the clinician to select patients for ICD therapy.

4. Electromechanical interactions

There is ample evidence from different cardiac disease models, including heart failure
(Tomaselli, 2004), ischemia (Han, 1964) and infarction (Spragg, 2005; Vassallo, 1988) that
increases in dispersion of conduction velocity result in susceptibility to arrhythmias (Spragg,
2005; Tomaselli, 2004). These electrical abnormalities will presumptively lead to changes in
myocardial function. Assessing the extent of electrical dispersion in the individual patient
has so far been difficult (Tomaselli, 2004). These findings support the idea that tissue
heterogeneity in and around scarred myocardium lead to a dispersed myocardial
contraction and is associated with risk of arrhythmic events.

Earlier echocardiographic studies have observed that an EF of <40% serves as the threshold
for identifying high-risk individuals (Bigger, Jr., 1984; Greenberg, 1984). However, EF has
reduced sensitivity in predicting sudden death (Buxton, 2007; Stecker, 2006). Speckle based
strain has shown to be a robust technique for assessment of LV function and a recent study
has demonstrated that speckle tracking strain is superior to EF for assessment of myocardial
function post-myocardial infarction (Gjesdal, 2008). Global strain discriminated between
those with and without arrhythmic events in post-MI patients with EF > 35%. This finding
suggests that global strain might become a useful tool for risk stratification in post-
myocardial infarction patients with relatively preserved LV function. Future trials should
investigate if mechanical dispersion and global strain can be used to select additional
patients for ICD therapy among the majority of patients after myocardial infarction with
relatively preserved EF in whom current ICD indications fail.

5. Risk assessment of ventricular arrhythmias in patients with
arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy is an inheritable, chronic and
progressive cardiomyopathy and is one of the leading causes of sudden unexpected cardiac
death in previously healthy young individuals (Sen-Chowdhry, 2010a; Thiene, 1988).
Prevalence has been estimated to be at least 1 in 1000 (Sen-Chowdhry, 2010a).

Recent molecular genetic reports have revealed arrhythmogenic right ventricular
cardiomyopathy as mainly a desmosomal disease (Xu, 2010). Mutations in one of the 5
desmosomal or 3 extra desmosomal genes so far identified, lead to progressive loss of
myocytes, followed by fibro-fatty replacement. Penetrance is age and gender dependent and
the progressive clinical picture is highly variable (Dalal, 2006).

Four clinical stages have been documented: An early concealed phase, overt electrical
disorder, isolated right heart failure (Fig 4a), and biventricular pump failure (Fig 4b) (Basso,
1996; Sen-Chowdhry, 2007, Sen-Chowdhry, 2010a). Importantly, life-threatening
arrhythmias can occur with only discrete or even absent myocardial structural changes (Sen-
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Chowdhry, 2010b). Risk stratification of ventricular arrhythmias and sudden cardiac death
is therefore challenging.

Fig. 4. Echocardiographic pictures of 2 patients with arrhythmogenic right ventricular
cardiomyopathy.

A) left panel: classical right sided affection with dilatation (5 cm diameter, white arrow) and
wall thinning of the right ventricle. The ICD lead is visible in the right ventricle.

B) right panel: Affection of both right and left ventricle in a patient with arrhythmogenic
right ventricular cardiomyopathy. The right ventricle is dilated and with visible ICD lead.
Furthermore, the left ventricle is dilated and shows apical affection of the myocardial wall
(arrow).

Mechanisms of arrhythmias in early stages of arrhythmogenic right ventricular
cardiomyopathy are probably due to dysfunction of desmosomal proteins and disturbed
cell to cell coupling (Saffitz, 2009). In later stages of arrhythmogenic right ventricular
cardiomyopathy when structural abnormalities in the myocardium have developed,
reentrant ventricular arrhythmias can occur in tissue with fibro fatty replacement. Therefore,
electrical conduction delay with consequent electrical dispersion has been suggested as an
important mechanism of ventricular arrhythmias (Amlie, 1997; Turrini, 2001).

In a recent study we investigated if arrhythmogenic right ventricular cardiomyopathy
patients had cardiac contraction heterogeneity assessed as mechanical dispersion and if
contraction heterogeneity was associated with susceptibility to ventricular arrhythmias
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(Sarvari, 2011). Furthermore, we investigated if mechanical dispersion was present in
arrhythmogenic right ventricular cardiomyopathy mutation carriers in early stages of the
disease where no structural alterations were visible.

Mechanical dispersion and strain in right and left ventricle were assessed in 36
arrhythmogenic right ventricular cardiomyopathy patients, in 23 asymptomatic
arrhythmogenic right ventricular cardiomyopathy mutation carriers and in 30 healthy
individuals. All 36 arrhythmogenic right ventricular cardiomyopathy patients had
experienced ventricular arrhythmias either as aborted cardiac arrest or as documented
sustained ventricular tachycardia and fulfilled 2010 International Task Force criteria
(Marcus, 2010). They were treated with ICD in addition to medical anti arrhythmic therapy.
The 23 asymptomatic mutation carriers were family members of the arrhythmogenic right
ventricular cardiomyopathy patients and were diagnosed by cascade genetic screening.
Peak systolic myocardial strain by 2D speckle tracking echocardiography was assessed in 16
left ventricular segments and averaged to left ventricular global longitudinal strain in
arrhythmogenic right ventricular cardiomyopathy patients. Additionally, peak systolic
strain from 3 right ventricular free wall segments was averaged as a measure of right
ventricular function (RV strain) (Fig 5). Contraction duration was measured as time from
onset R on ECG to maximum LV and right ventricular shortening by strain. Standard
deviation of contraction duration was calculated as mechanical dispersion, in a 16 left
ventricular segments and a 6 right ventricular segments model.

Fig. 5. Strain curves in an patient with arrhythmogenic right ventricular cardiomyopathy.
Strain curves from a dilated right ventricle from apical 4 chamber view. Vertical arrows
indicate the timing of maximum myocardial shortening in each right ventricular segment
and are consistent with pronounced right ventricular mechanical dispersion.
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Mechanical dispersion was more pronounced in arrhythmogenic right ventricular
cardiomyopathy patients with arrhythmias in right and left ventricle compared to
asymptomatic mutation carriers and healthy individuals (Table 1). Importantly,
mechanical dispersion was more pronounced in asymptomatic mutation carriers
compared to healthy individuals in both right and left ventricle, indicating sub clinical
ventricular involvement. Right and left ventricular strains were reduced in
arrhythmogenic right ventricular cardiomyopathy patients compared to asymptomatic
mutation carriers and healthy individuals (Table 1). Reduced right and left ventricular
strains were significantly correlated in arrhythmogenic right ventricular cardiomyopathy
patients, indicating biventricular disease. Right and left ventricular function in
asymptomatic mutation carriers were within normal range, but significantly reduced
compared to healthy individuals.

Healthy Asymptomatic ARVC patients with P
individuals mutation carriers arrhythmias
(n=30) (n=23) (n=36)

EF (%) 6415 63+4 57+14* <0.01
LV strain (%) -23+2 -20+2* -16£5* ** <0.001
RV strain (%) -28+5 -24+5% S19£7% ** <0.001
LV Dispersion 2248 42+13* 64:+25% ** <0.001
(ms)

RV Dispersion 1548 33+20* 53+25% ** <0.001
(ms)

Table 1. Echocardiographic results in 36 ARVC patients, 23 asymptomatic ARVC mutation
carriers and 30 healthy individuals.

Mean+SD. Right column shows P-values for ANOVA test. Flags for significance are
obtained from the post hoc pair-wise comparison using the Bonferroni correction. *p<0.05
compared with healthy individuals. **p<0.01 compared with asymptomatic mutation
carriers. ANOVA, analysis of variance; EF, ejection fraction; RV, right ventricular; LV, left
ventricular.

Risk stratification of ventricular arrhythmias in so far asymptomatic arrhythmogenic right
ventricular cardiomyopathy mutation carriers is difficult. This report demonstrated that
mechanical dispersion was closely related to ventricular arrhythmias in patients with
arrhythmogenic right ventricular cardiomyopathy. Increased mechanical dispersion in
both ventricles was present in asymptomatic mutation carriers, indicating sub clinical
myocardial alterations. Importantly, pronounced mechanical dispersion was also present
in individuals who had experienced arrhythmias in the early stages of arrhythmogenic
right ventricular cardiomyopathy and in whom no structural alterations assessed by
conventional echocardiography and magnetic resonance imaging could be assessed. These
findings suggest that mechanical dispersion may be a marker of arrhythmic events and
help risk stratification in so far asymptomatic arrhythmogenic right ventricular
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cardiomyopathy mutation carriers. Mechanical dispersion and myocardial strains
demonstrated subclinical myocardial involvement in these individuals. Longitudinal
follow up studies are required to assess if these methods can provide added value in
arrhythmia risk stratification in asymptomatic arrhythmogenic right ventricular
cardiomyopathy mutation carriers.

Furthermore, this paper demonstrated frequent and early left ventricular involvement in
arrhythmogenic right ventricular cardiomyopathy which supported recent reports of
arrhythmogenic right ventricular cardiomyopathy as a biventricular disease (Kjaergaard,
2007). Biventricular impairment is probably a result of biventricular arrhythmogenic right
ventricular cardiomyopathy affection, but mutual dependency of right and left ventricular
hemodynamics may be considered. In patients with overt arrhythmogenic right ventricular
cardiomyopathy, strain echocardiography may be a useful tool for quantification of right
and left sided myocardial dysfunction.

6. Comparisons of mechanical dispersion in patients after myocardial
infarction and in patients with arrhythmogenic right ventricular
cardiomyopathy

Mechanical dispersion has been demonstrated in arrhythmogenic right ventricular
cardiomyopathy patients and in post-myocardial infarction patients and has been shown to
be a marker of recurrent ventricular arrhythmias in both conditions. The mechanisms for
arrhythmias in arrhythmogenic right ventricular cardiomyopathy and in infarcted
myocardial tissue are different, but have similarities regarding electrical dispersion. In
arrhythmogenic right ventricular cardiomyopathy patients, mechanisms of arrhythmias are
probably stage dependent, but electrical dispersion has been considered to be of importance
in early and later stages of the disease (Amlie, 1997; Turrini, 2001). In post-MI patients
delayed start of ventricular activation in scarred myocardium leads to a dispersed recovery
of excitability (Vassallo, 1988), finally resulting in dispersed electrical repolarization. One
might therefore speculate that electrical dispersion may be regarded as the final common
pathway of arrhythmia mechanism in both conditions.

The extent of mechanical dispersion appeared most pronounced in post-myocardial
infarction patients. This difference was probably a result of the concomitant contractile
impairment in infarcted tissue which was more pronounced compared to presence of
fibrosis in arrhythmogenic right ventricular cardiomyopathy. Myocardial function was
significantly impaired in post-myocardial infarction patients compared to arrhythmogenic
right ventricular cardiomyopathy patients. Contractile impairment will pronounce
mechanical dispersion. The ranges and values of mechanical dispersion which are related to
increased arrhythmic risk will therefore not necessarily be interchangeable between
different myocardial diseases.

7. Future risk assessment of ventricular arrhythmias and additional patient
entities

The most important patient group for further risk assessment of ventricular arrhythmias are
patients after myocardial infarction representing the largest cohort of individuals at risk.
Future trials should investigate if mechanical dispersion and global strain can be used to
select additional patients for ICD therapy among the majority of post-myocardial infarction
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patients with relatively preserved EF in whom current ICD indications fail. Furthermore,
there are several large groups of patients who are at risk of ventricular arrhythmias on a
non-ischemic basis, ie. patients with idiopathic dilated cardiomyopathies, other
cardiomyopathies and patients with congenital heart disease. It is of great concern that EF is
currently the only parameter to select patients with idiopathic dilated cardiomyopathy for
ICD therapy. There is emerging awareness of the insufficiency of EF to predict ventricular
arrhythmias in these patients and further risk stratification tools are urgently needed.
Mechanical dispersion may reflect the electrical dispersion and represent a fundamental
arrhythmogenic factor. Furthermore, mechanical dispersion has been shown to predict
arrhythmias independently of EF. Mechanical dispersion may therefore have the potential to
be introduced as an additional tool in arrhythmic risk stratification in other groups of
patients.

8. Conclusion

In summary, mechanical dispersion has been shown to predict ventricular arrhythmias in
post-myocardial infarction patients and in patients with arrhythmogenic right ventricular
cardiomyopathy and the long QT syndrome. This principle may therefore be a valuable
supplement in evaluating patients at risk independently of EF. Mechanical dispersion and
global strain may be useful for including more patients for ICD therapy after myocardial
infarction.
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1. Introduction

Sudden cardiac death (SCD) is defined as death from cardiac causes occurring unexpectedly
within 1hour of onset of symptoms. About 80% of SCDs are due to ventricular
tachyarrhythmia that is, ventricular tachycardia and ventricular fibrillation. The remaining
20% consists of a number of conditions, including cardiomyopathies (10-15%), other
structural heart defects (less than 5%) and bradycardia. SCD is responsible for more deaths
than cancer, stroke, and AIDS combined (CDC, 2002). The overall incidence of SCD in the
United States and Europe is 1 to 2 per 1000 people (0.1% to 0.2%) annually. Almost 80% of
all SCDs occur at home. The 10%-25% survival rate is low and has not been improved by the
automatic external defibrillator in patients with moderate risk (de Vreede-Swagemakers,
1997; Bardy, 2008; Myerburg, 2001). On the other hand, several clinical trials showed that the
implantable cardioverter defibrillator (ICD) could prevent SCD and reduce overall mortality
in some patients with severe left ventrocular dysfunction. For these reasons, ICD therapy
has become the first choice strategy to prevent SCD from malignant ventricular
tachyarrhythmia in high-risk patients. However, there are numerous well-recognized
limitations to ICD therapy. These include the effects and the result of appropriate and
inappropriate ICD shocks, the cost of the devices, complications related both to the
implantation procedure and to subsequent device function, device malfunction, and
restricted efficacy despite normal device function in presence of significant concomitant
disease and in particular in presence of severe left ventricular disfunction. Several possible
solutions have been proposed in the clinical practice, these include better patients” selection
for ICD implantation, better ICD programmation, better medical therapy and arrhythmic
substrate ablation. The role of catheter ablation of ventricular tachycardia in patients with
structural heart disease has been increasing in the last 2 decades. The mechanisms of
ventricular tachycardia are now clearer, and the electroanatomic mapping systems have
made precise activation and substrate mapping more feasible; therefore, the potential for
doing catheter ablation of ventricular tachycardia has increased dramatically in the past
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several years. Now, multiple and/or unstable ventricular tachycardias, polymorphic
ventricular tachycardias, and ventricular fibrillation in selected cases can be targeted by
different ablation strategies (Raymond, 2009). General recommendations for the use of
catheter ablation are well documented; at this time, an open question remains, namely,
whether catheter ablation can replace ICD in patients with structural heart disease.

2. Implantable cardioverter defibrillator

In 1980 Mirowski and colleagues (Mirowski, 1980) implanted the first ICD in a young female
with recurrent ventricular fibrillation and provided an innovative approach to aborted SCD.
This milestone event started a prolific period of research in SCD prevention and therapy.
Although the ICD was considered a treatment of last resort during that incipient stage,
subsequent years have witnessed expansion of indications for ICD implantation. (Epstein,
2008). Several large-scale clinical trials have demonstred its efficacy for both primary and
secondary prevention of SCD in patients with ischemic and nonischemic cardiomyopathy.
The advent of transvenous ICD technology and their potential effects in prevention of SCD
elicited also several trials to compare the ICD with conventional antiarrhythmic drug
therapy alone. In such high-risk patients, ICD therapy has been shown to improve survival
rate compared with a neutral or harmful effect of chronic pharmacological therapy
(Dimarco, 2003; Reiffel, 2005). In light of these excellent results, the number of ICD
implantations has increased significantly in the last decade, with a simultaneous reduction
of the use of stand-alone antiarrhythmic drugs for ventricular indications. (Al-Khatib, 2003;
Hine, 1989; Zhan, 2008).

2.1 ICD-related complications

Because of the growing number of ICD patients, ICD-related problems are increasingly
encountered and patients undergoing one or multiple shocks are today frequently seen in
emergency departments, hospital wards, or ICD clinics.

Therefore, personnel working in these environments should have specific knowledge
concerning the management of ICD-related problems. Typically, patients who receive ICDs
are at high risk for recurrent arrhythmia; hence, most patients receive one or more ICD
treatments for spontaneous arrhythmias after implantation (Dimarco, 2003). Despite the
technological evolution of ICD systems, more than 20% of shocks are triggered by
supraventricular arrhythmia; thus, they are inappropriate (Dorian, 2004; Nanthakumar,
2000; Rosenqvist, 1998).

The most common cause of inappropriate ICD shocks was atrial fibrillation (44%), followed
by other supraventricular tachycardias, including sinus tachycardia (36%), and abnormal
sensing (20%) (Daubert, 2008). If appropriate ICD shocks save lives, it may emerge that a
few inappropriate shocks are a small price to pay (Raitt, 2008). Inappropriate shocks have a
downside. There is a growing medical literature on the adverse psychological consequences
of ICD shocks, whether appropriate or not. The ICD shocks are perceived as awfully
painful. After an ICD shock, the patient may become immobilized, fearing that any
movement or activity might activate another shock. Multiple shocks are the most
frightening for patients, causing them to wonder if the device is really working or if it might
even kill them. Those individuals who experience an ICD shock exhibit higher levels of
psychological distress, anxiety, anger, and depression than those who do not. (Ahmad, 2000;
Dunbar, 1993; Dougherty, 1995). The ICD shocks lead to greater psychological distress for
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family members as well (Luderitz, 1994). Anxiety after ICD shocks remains elevated for an
unknown amount of time, and then begins to return to normal levels as long as no further
shocks take place (Fricchione, 1989). The level of anxiety, depression, and poor quality of life
is comparable in incidence to patients resuscitated from cardiac arrest and cardiopulmonary
bypass surgery (Bostwick, 2007). In addition, ICD implantation is associated with
neuropsychological impairment that significantly affects acute and long-term cognitive
function (Hallas, 2010).

2.2 Electrical storm

Another significant problem is the electrical storm, which is defined as having more than three
shocks in a 24-hours period, occurring in 10% to 20% of patients during the first 2 years after
ICD implantation (Exner, 2001; Dunbar, 1999). An electrical storm establishes an adverse
conditioned response including avoidance of activities that may have been associated with the
shocks, leading to heightened self-monitoring of bodily functions, increased anxiety,
uncertainty, and increased dependence. In some ICD patients, this condition leads to a reactive
depression, helplessness, and post-traumatic stress disorder. In addition, an electrical storm is
associated with increased mortality (Credner, 1998; Arya, 2006).

2.3 Mortality in patients with ICD

Inappropriate ICD shocks may not only have adverse psychological consequences but also
adverse medical consequences, such as a higher mortality than patients who did not suffer
inappropriate shocks, with a hazard ratio of 2.29 (p=0.025) (Daubert & Zareba, 2008).
Similarly, patients with appropriate shocks also had an increased overall mortality with a
hazard ratio between 3 and 4. The higher hazard ratio arises in patients who had both
appropriate and inappropriate shocks. In a multivariate analysis, predictors of inappropriate
shocks included age > 70 years (hazard ratio 1.9, 95% CI 1.3-2.5; p=0.01) and history of atrial
fibrillation (hazard ratio 2.0, 95% CI 1.5-2.7; p<0.01). The occurrence of only one
inappropriate shock showed an all-cause mortality hazard ratio of 1.6 (95% CI 1.1-2.3;
p=0.01), adjusted for history of atrial fibrillation, age, NYHA functional class, renal function,
QRS duration, and beta-blockers use. Each additional inappropriate shock corresponded to
a hazard ratio of 1.4 (95% Cl 1.2-1.7; p=0.01), such that the risk was more than triple after a
total of five such shocks (Johannes, 2011). It is interesting to investigate the causality
between ICD shocks and an increased risk of death. It is especially reasonable to postulate
that patients with progressive heart failure, and therefore increased mortality, might be
more likely to develop atrial fibrillation and to suffer inappropriate ICD shocks. These same
patients may also be more likely to exhibit ventricular tachycardia or ventricular fibrillation
induced by progressive congestive heart failure and to undergo appropriate ICD shocks
before dying of congestive heart failure. Depending on the ventricular rate and ICD
programming, atrial fibrillation and sinus tachycardia can lead to antitachycardia pacing
instead of ICD shocks. If rapid atrial fibrillation and sinus tachycardia were markers for
increased mortality, then one would expect inappropriate antitachycardia pacing to be
associated with increased mortality as well. In contrast to this expectation, in the MADIT II
population, although both appropriate and inappropriate shocks were associated with an
increased total mortality, appropriate and inappropriate antitachycardia pacing was not. In
fact, having only antitachycardia pacing episodes and no shocks was associated with a trend
toward lower mortality. Various likely contributions of ICD shocks to increased total
mortality might subsist. Several possible explanations are debated. The first explanation is a
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direct damage on the myocardium. Animal models have demonstrated a vast array of
potentially deleterious effects of DC shocks including alterations in cellular morphology,
biochemical function, electrophysiologic function, and hemodynamic function (Tedeschi,
1954; Van Vleet, 1977; Babbs, 1980; Jones, 1980; Wilson, 1988; Trouton, 1992).

Many of the morphologic, biochemical, electrophysiologic and hemodynamic adverse
effects of high-intensity DC shocks reported in animals models have also been noted,
although with lower frequency, in patients who have received DC shocks of clinically
significant intensities. As in animal models, many of these functional changes have been
demonstrated to last for minutes to hours as opposed to seconds. The immediacy of post-
shock electromechanical dissociation suggests that necrosis is not the cause of the
phenomenon. Instead, it is likely that an instantaneous functional abnormality is
accountable for electromechanical dissociation. This probability is supported by reports of
severe hemodynamic deterioration after internal DC shocks during ICD implantation
procedures (Avitall, 1990; Steinbeck, 1994). A severe manifestation of this phenomenon
could be expressed as sudden death due to electromechanical dissociation that is the most
common mechanism of sudden death in patients with a functioning ICD in place and is
associated with high-energy shocks in patients with advanced congestive heart failure.
(Mitchell, 2002). The protection afforded by the ICD against sudden arrhythmic death is not
absolute, being the rate of sudden death among patients with ICD approximately 5%. If the
majority of patients receiving ICDs is similar to those patients included in randomized
clinical trials, then ICDs can be expected to be 60 to 70% effective in reducing SCD. This may
be more effective than any other available therapy and is thought to be additive to reduction
of SCD due to other therapies such as beta-blockers and angiotensin converting enzyme
inhibitors. On the other hand, it should serve as a reminder to physicians of the importance
of optimization of ICD programming and medical therapy and to patients with regard to
compliance with medications and recommended life-style modifications as these measures
will reduce their risk (Anderson, 2005).

The second explanation is a possible non-direct damage on the myocardium for the adverse
effects of ICD shocks that could direct to increased mortality. We have already outlined the
adverse psychological effects of ICD shocks, anxiety and depression, that can set off a
cascade of events, including poor compliance to medical therapy, that culminates in an
increased risk of death in patients with congestive heart failure. Whether or not there is a
causal relationship between ICD shocks and the associated increase in mortality, the
psychological effects of shocks alone are reason to do everything possible to reduce the
incidence of appropriate and inappropriate shocks (Raitt, 2008).

The extensive implementation of ICD therapy has changed the natural history of ventricular
tachycardia (Mason, 1993; Connolly, 2000; AVID Investigators, 1997).

2.4 Approaches to reduce ICD therapy

CDs effectively terminate ventricular arrhythmias through either antitachycardia pacing or
shocks and comprise the standard of care for patients at high risk for ventricular
arrhythmias. However, ICDs do not prevent the occurrence of ventricular arrhythmias.
Patients who, formerly, would have suffered sudden death, now survive to experience
recurrent ventricular tachycardia and ICD therapy; thus, shock delivery is administered in a
large proportion to patients who have experienced at least one ventricular arrhythmia
(Connolly, 2006; Credner, 1998).
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2.4.1 Patients selection

There are different approaches to reduce the incidence of appropriate and inappropriate
shocks. The first line of defense is good patients’ selection for ICD implantation. There is a
well-documented increased complication rate for non-guideline-based ICD implantation. In
particular, there was an excess of 4 deaths per 1000 ICD implants when the device was
implanted outside the guidelines. (Kadish, 2011). The age at implant of patients is very
important. Indeed in elderly patients, pooled analysis of the 3 trials considered most
relevant to current use of ICDs for primary prevention (MADIT-II, DEFINITE, and SCD-
HeFT) showed that prophylactic ICD therapy was associated with a nonsignificant
reduction in all-cause mortality compared with medical therapy (HR, 0.81 [95% CI, 0.62 to
1.05]; P =0.11). Analyses that included the 2 studies of early enrolled post-acute myocardial
infarction patients (DINAMIT and IRIS), also showed no statistically significant decrease in
mortality with prophylactic ICD therapy (HR, 0.97 [CI, 0.78 to 1.19]; P=0.75) (Santangeli,
2010). Patients who received a non-evidence-based ICD had significantly more
comorbidities than patients who received an evidence-based device and were at a higher
risk of postprocedural complications (including death). The increased prevalence of
comorbidities in recipients of non-evidence based ICDs is unquestionably associated with
an increased risk of competing causes of death (Al-Khatib, 2011). While a small risk of
complications is acceptable when a procedure has been shown to improve outcomes, no risk
is acceptable if a procedure has no demonstrated benefit.

2.4.2 ICD programmation

The second line of defense is ICD programming. In the MADIT II trial, AF was the most
common cause of inappropriate shocks. The patients provided with the stability detection
algorithm programmed on in their ICDs, which is designed to prevent shocks for atrial
fibrillation, were less likely to have inappropriate shocks (Daubert, 2008). Other detection
algorithms are available on many ICDs that evaluate the morphology of tachycardias or the
timing and frequency of atrial and ventricular activation. They prevent inappropriate shocks
for supraventricular rhythms such as atrial fibrillation and sinus tachycardia. These
algorithms help to prevent inappropriate shocks. The next step in reducing ICD shocks is
programming the devices to use antitachycardia pacing instead of shocks whenever
possible. Currently, many electrophysiologists do not routinely program antitachycardia
pacing in patients with ICDs. By protocol, antitachycardia pacing was not enabled in the
SCD-HeFT (Bardy, 2005). Arguing in favor of the usefulness and efficacy of antitachycardia
pacing is the Pain Free II study, which showed that aggressive use of antitachycardia
pacing, even for very fast episodes of ventricular tachycardia, was effective and reduced the
risk of shocks (Wathen, 2004). Some physicians are concerned that an ineffective
antitachycardia pacing will delay tachycardia termination. In response to this concern, one
ICD manufacturer has introduced a characteristic in which antitachycardia pacing is used to
try to terminate ventricular arrhythmias while the capacitor is charging in preparation for an
ICD shock. If the antitachycardia pacing works, the shock is aborted; otherwise, the shock
delivery is not delayed. Given the adverse psychological effects of ICD shocks and the
possibility that shocks may increase mortality, these programming features should probably
be used whenever possible (Raitt, 2008).

2.4.3 Medical therapy
It is less clear whether medical therapy can reduce the risk of ICD shocks. If, in fact,
exacerbation of congestive heart failure leads to ICD shocks, perhaps, more aggressive
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congestive heart failure treatment in patients with ICDs, and use of congestive heart failure
monitoring protocols built into some ICDs might prevent some appropriate and
inappropriate shocks. It is less clear whether empiric antiarrhythmic therapy prevents ICD
shocks; in addition, such therapy cannot be recommended at this time because of the risk of
proarrhythmia and the cardiac and noncardiac side effects of antiarrhythmic medications
(Raitt, 2008). Beyond aggressive treatment of ischemia and heart failure, preventive
treatments for inhibition of ventricular tachycardia are limited. Three agents have been
demonstrated in randomized clinical trials to reduce ICD therapies. Amiodarone resulted in
a substantial decline in ICD shocks compared with beta-blockers in patients who had
experienced prior ventricular arrhythmias. Sotalol moderately reduced shocks (after a 3-
week blanking period) in the same population and increased shock-free survival in a
placebo-controlled trial (Raitt, 2008). Azimilide has been found to reduce all-cause shocks
and symptomatic ventricular tachycardia in a placebo-controlled study (Dorian, 2004).
Unfortunately, each of these agents carries significant risk of harmful side-effects. The
proarrhythmic mortality risk of sotalol (Waldo, 1996) may be both attenuated in ICD
patients, and may be increased in presence of heart failure, diuretic use and older age - all
common features of patients with ischemic cardiomyopathy and ventricular tachycardia.
Amiodarone use is also associated with a high incidence of adverse effects (Brendorp, 2002),
which are moderate at low doses (Vorperian, 1997); on the other hand, they increase with
dose and duration such that, in long-term use, side-effects or recurrent arrhythmia are seen
very frequently (Bokhari, 2004). Amiodarone use, nephropathy, low left ventricular ejection
fraction, and supraventricular tachycardia are independent predictors of cardiac death
(Worck, 2007). One can speculate that proarrhythmia and/or increased defibrillation
thresholds could play a role in the association with increased mortality (Khalighi, 1997;
Zhou, 1998). In addition, amiodarone harmfully affected survival in NYHA III patients in
the SCD-HeFT (Bardy, 2005). Azimilide has not demonstrated a change in mortality and is
associated with a relatively low rate of torsades de pointes (Camm, 2004; Pratt, 2006), but
has not been made available for clinical use. Dronedarone has been associated with higher
mortality in the situation of heart failure. Other antiarrhythmic drugs, including
dronedarone and dofetilide, have been disappointing, hence, nonpharmacologic alternatives
are needed. (Echt, 1991; The CAST Investigators, 1989; DIAMOND studies, 1997; Torp-
Pedersen, 1999; Kober, 2008). A good therapeutic alternative to reduce risk of ICD shocks is
catheter ablation of ventricular tachycardias.

3. Catheter ablation

In 1987, catheter ablation of ventricular tachycardia was a newly emerging field. The
primary therapy for drug refractory ventricular tachycardia was surgical ablation, which
was successful in controlling this arrhythmia in 80% to 90% of selected patients, but yielded
an operative mortality of 5% to 15% (Cox, 1989). Over the subsequent two decades,
significant developments in ablation and mapping technology contributed to improved
outcomes: catheter ablation, first, using direct-current energy and radiofrequency current,
later. The initial acute success rates using radiofrequency current were on average 75%, with
a recurrence rate of 21% over a follow-up time average of 21 months (Gu'rsoy, 1993;
Stevenson, 1993; Gonska, 1994; Kim, 1994; Wilber, 1995; Stevenson, 1998). The limitation of
catheter ablation at this time was 2-fold. First, only conventional radiofrequency current
(non-irrigated) was available; secondly, only patients with hemodynamically tolerated and



Prevention of Sudden Death — Implantable Cardioverter
Defibrillator and/or Ventricular Radiofrequency Ablation 89

stable ventricular tachycardia could be treated, for which an ECG of the spontaneous
ventricular tachycardia had been obtained and mapping could be performed during such
event (Bogun, 2006; de Chillou, 2002).

3.1 Electroanatomic systems and substrate mapping

The introduction of the electroanatomic mapping system allowed creation of ventricular
geometry and displayed low-voltage areas of scar or infarction (Marchlinski, 2000).
Mapping during stable sinus or paced rhythm to identify targets for ventricular tachycardia,
the so-called substrate mapping (Reddy, 2003; Volkmer, 2006), allows performing catheter
ablation in patients with unstable, hemodynamically nontolerated ventricular tachycardia,
in patients with multiple ventricular tachycardias, or in patients without inducible
ventricular tachycardia (Figure 1).

Fig. 1. A and B show the substrate respectively, in the posterior and inferior view in a
patient with ischemic dilated cardiomiopathy. In substrate mapping the scar region (grey
area) was defined as areas with bipolar local electrogram <0.5 mV and the normal
myocardium (purple area) was defined as areas with a bipolar local electrogram >1.5 mV.
The white dots represent the ablation lesions.

Today, most patients with recurrent ventricular tachycardia have an ICD that promptly
terminates ventricular tachycardia, so its hemodynamic impact and ECG morphology are
often unknown. Thus, substrate mapping is often the only method to perform catheter
ablation in patients with an ICD (Kuck, 2009). By selecting catheter ablation for an
individual patient, risks and benefits that are determined by patient characteristics, as well
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as the availability of appropriate facilities with technical expertise should be considered. In
the past, catheter ablation of ventricular tachycardia has often been considered a procedure
of last resort; now, a recent consensus document has suggested that catheter ablation should
generally be considered early in the treatment of patients with recurrent ventricular
tachycardia, recognizing that ventricular tachycardia was based mostly upon uncontrolled
cohort studies and single-center reports. In the setting of high-risk patients with ICDs,
catheter ablation of ventricular tachycardia has been proven to decrease the number of
shocks.

3.1.1 Catheter ablation in ischemic patients

In most studies, catheter ablation has been performed in patients with ischemic heart
disease after multiple ICD interventions, including patients with incessant ventricular
tachycardia. In almost all of these studies, patients were included after failure of 1 or
multiple antiarrhythmic drugs. The second largest prospective multicenter trials conducted
in the United States using irrigated radiofrequency current included more than 350 patients
with structural heart disease, predominantly coronary artery disease (Calkins, 2000;
Stevenson, 2008). Both studies differ with respect to patient inclusion and to
electrophysiological end-points, but the results were similar. In the cooled radiofrequency
current trial, the acute success rate was 71% when the end-point was the elimination of all
mappable ventricular tachycardias and 41% when the end-point was the elimination of
ventricular tachycardia of any kind. In the thermocool trial, the acute success rate was 49%
when elimination of all inducible ventricular tachycardia was used as the end-point. The
Kaplan-Meier recurrence rate of sustained ventricular arrhythmia was 56% during 1 year of
follow-up. The thermocool trial limited the follow-up time to 6 months for the efficacy end-
point. Independence from ventricular tachycardia was 53%. In the thermocool trial, the
frequency of ventricular tachycardia was reduced by 275% in 67% of patients. An increase in
the number of ventricular tachycardia episodes was observed in 20% of patients. Patients
with ventricular tachycardia recurrences were older, had more heart failure, more atrial
fibrillation, multiple myocardial infarction sites, and more inducible ventricular
tachycardias; they received more radiofrequency lesions, and more often, had a ventricular
tachycardia inducible after ablation compared with patients without ventricular tachycardia
recurrences. In the cooled radiofrequency current study, a 275% reduction in the ventricular
tachycardia frequency in the two months after ablation compared to the two months before
ablation was observed in 99 of 122 patients (81%), of whom 115 had an ICD. Only the
absence of an inducible ventricular tachycardia, recognized as the clinical ventricular
tachycardia, was a predictor of clinical success. Another European multicenter study (Euro-
VT study) performed catheter ablation using external irrigation in 63 patients with recurrent
scar-related ventricular tachycardia (Tanner, 2009). Catheter ablation was acutely successful
in 51 patients (81%). During a mean follow-up of 12 + 3 months, 31 patients (49%, 19 of 51
initially successfully ablated patients and 12 of 12 unsuccessfully ablated patients)
experienced ventricular tachycardia recurrence. However, even among the patients with
recurrence, the number of ICD therapies was significantly reduced in 79% of the cases. One
limitation of catheter ablation studies in ICD patients must be addressed. In almost all
studies, antiarrhythmic drugs were not systematically withdrawn after ablation. Therefore,
any beneficial effect of catheter ablation in these studies may be influenced by drug therapy,
even when most patients were drug failures before ventricular tachycardia ablation. While
the above-mentioned and previously conducted studies clearly showed the beneficial effect
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of catheter ablation of ventricular tachycardia with respect to ventricular tachycardia
recurrence, the periprocedural mortality should also be considered in these patients. Indeed,
the effectiveness of catheter ablation in ICD patients must be balanced with the safety profile
of this interventional procedure. The reported procedure-related mortality ranges from 0%
to 3.5%. In addition, major complications including stroke, myocardial infarction,
tamponade, valve injury, and atrio-ventricular block occurred in 8-10% of the patients. In
the Euro-VT study, the rate of major complications was only 1.6% and the 1-year mortality
in these studies reached 8-18%.

3.1.2 Catheter ablation in nonischemic patients

Data on catheter ablation in ICD patients with nonischemic ventricular tachycardia from
large multicenter trials are lacking. The anatomic substrate is different in patients with
nonischemic ventricular tachycardia, since more extensive scar is often present in the
epicardium and not in the endocardium, compared with the majority of patients with a
previous myocardial infarct. In both groups, epicardial ablation has been successfully
applied after failure of endocardial ablation. In general, acute success rates of catheter
ablation are similar to ischemic ventricular tachycardia patients, but recurrence rates seem
to be higher (Soejima, 2004; Delacretaz, 2000; Nazarian, 2005; Verma, 2005; Dalal, 2007).
Moreover, catheter ablation has been shown to eliminate electrical storm in patients with
and without underlying heart disease by either inhibiting the trigger factors for ventricular
tachycardia/ventricular fibrillation, namely ventricular premature beats, or by modifying
the substrate for ventricular tachycardia/ventricular fibrillation. Catheter ablation
significantly reduces the number of ICD interventions in patients with electrical storm
(Della Bella, 2004). In a recent single-center study, 95 patients with electrical storm, leading
to a mean number of 14 ICD shocks per patient per day, underwent catheter ablation.
Seventy-two patients had underlying coronary artery disease, 10 patients had dilated
cardiomyopathy, and 13 patients had right ventricular disease. After catheter ablation,
electrical storm was acutely suppressed in all patients and did not recur during follow-up of
22 months in patients in whom either no ventricular tachycardia could be induced or clinical
ventricular tachycardia became noninducible. Furthermore, death from any cause could
significantly be reduced in both groups compared with patients in whom the clinical
ventricular tachycardia remained inducible and electrical storm recurred. Both cardiac death
as well as sudden cardiac death was significantly higher in patients with electrical storm
recurrences (50% versus 0%). This observation indicates that a successful ventricular
tachycardia ablation procedure may be associated with a reduction of total mortality in
subgroups of patients. The procedure typically is prompted by frequent defibrillator
therapies despite multiple combinations of antiarrhythmic drugs. Use of catheter ablation
earlier during the clinical course of ventricular tachycardia, soon after its onset, may be
beneficial.

3.1.3 Prophylactic catheter ablation

The role of prophylactic radiofrequency catheter ablation of arrhythmogenic substrate in
patients with a previous myocardial infarction in preventing ICD therapy was evaluated in
the Substrate Mapping and Ablation in Sinus Rhythm to Halt Ventricular Tachycardia
(SMASH-VT) trial and in the Catheter ablation of stable ventricular tachycardia before
defibrillator implantation in patients with coronary heart disease (VTACH) trial (Reddy,
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2007; Kuck, 2010). SMASH-VT was a prospective randomized three-center trial of catheter
ablation versus no intervention for patients with implantation of a secondary prophylactic
ICD within the prior 6 months or who had received recent appropriate ICD therapy.
Catheter ablation resulted in reduced appropriate ICD therapy from 33 to 12% (hazard ratio
0.35). Secondary end-points included a reduction in ventricular tachycardia storm, but no
effect on total mortality occurred. Although this landmark study demonstrated proof of the
principle that catheter ablation can have a favorable effect, limitations such as the lack of
adjudicator blinding, stratification and standard ICD programming make the results more
difficult to interpret. Most importantly, the role of antiarrhythmic drugs was not addressed
by this study design, limiting direct applicability of the results to clinical practice (El-
Damaty, & Sapp, 2011). VTACH trial was similar in design to that of SMASH-VT. One
hundred and ten patients presenting with ventricular tachycardia and prior myocardial
infarction were randomly allocated to catheter ablation or no intervention, followed by ICD
implantation. Antiarrhythmic drug use was discouraged, and not significantly different
between groups. Patients were stratified by center and ejection fraction (cut-off 30%); a
blinded committee adjudicated outcomes and ICD programming was standardized. The
VTACH trial showed that catheter ablation, performed before ICD implantation in patients
after the first episode of a hemodynamically stable ventricular tachycardia, significantly
prolonged the median time to first ventricular tachycardia/ventricular fibrillation from 5.9
months to 18.6 months. The benefit was more pronounced in patients with left ventricular
ejection fraction > 30% (Figure 2).
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Fig. 2. Survival free from ventricular tachycardia (VT) or ventricular fibrillation (VF) in
patients with left-ventricular ejection fraction (LVEF) less or equal than 30% and left-
ventricular ejection fraction greater than 30%.

Furthermore, catheter ablation reduced the overall incidence of appropriate ICD
interventions by 28% and the incidence of ICD shocks by 43%. Even more importantly,
catheter ablation reduced the median number of appropriate ICD interventions per patient
and year of follow-up by 93%. In addition, catheter ablation significantly reduced the rate of
hospitalizations for cardiac reasons. This well designed trial provides further support for the
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effectiveness of catheter ablation in reducing ventricular tachycardia events, but does not
give clinical guidance on the relative role of catheter ablation in comparison to
antiarrhythmic drug therapy. The complication rate becomes even more important if an
interventional procedure is performed prophylactically. In both trials, the incidence of
ablation related death was 0% and of major complications 4.7% and 3.8%, respectively. The
event rate in the control group of the VTACH trial was roughly twice as that observed in
SMASH-VT, but the relative reduction in events was similar, at 35-40%.

3.2 Open questions in VT catheter ablation

3.2.1 The role of antiarrhythmic therapy

Many important questions remain. Should ablation be preferred over antiarrhythmic drugs?
The largest prospective, randomized trial evaluating several drug regimen in patients with
an ICD for secondary prevention showed that the combination of beta-blockers and
amiodarone had the greatest effect, with a reduction of ICD shocks by 73% compared to the
control group (beta-blocker alone) and of 57% compared to the sotalol group, with an
incidence of ICD shocks in the control group of approximately 30% after 1 year (Connolly, SJ
et al. 2006). In a previous trial, sotalol reduced the risk of death from any cause or the
delivery of a first shock for any reason by 48%. Furthermore, sotalol reduced the probability
of the delivery of an appropriate first ICD shock or a first shock of any reason (Pacifico,
1999). Sotalol also prevented the occurrence of shocks in response to supraventricular
arrhythmias, a frequent cause of inappropriate defibrillator therapy. Despite these beneficial
effects, drug efficacy depends on patient compliance. In particular, if a lifetime therapy is
required and is associated with side effects, this may lead to a discontinuation of drugs
therapy. Furthermore, antiarrhythmic drugs such as amiodarone may increase the
defibrillation threshold (Hohnloser, 2006). Even if this may not play a significant role in the
majority of patients with modern devices, it can be harmful in the individual patient. In a
randomized clinical trial comparing cooled radiofrequency catheter ablation of ventricular
tachycardia and drugs therapy, arrhythmic recurrences was significantly lower with cooled
ablation than with drug therapy. (Epstein, 1998 ).

Regarding catheter ablation procedural outcomes, multiple small series, single center of
catheter ablation for ventricular tachycardia have reported freedom from recurrent
ventricular tachycardia in 50-80% of patients over follow-up, which ranges from 6 to 18
months. Long-term results are sparse, and completeness of reported follow-ups is
sometimes suboptimal. Patients remained on antiarrhythmic drugs (amiodarone 94% and
sotalol 5%) postprocedure and those with persistently inducible clinical ventricular
tachycardia had shorter time to death, and shorter time to ventricular tachycardia
recurrence and were the only patients with recurrence of ventricular tachycardia storm
(Carbucicchio, 2008).

3.2.2 The role of ventricular function

In our experience, among the 66 patients referred to our clinic for radiofrequency catheter
ablation of recurrent post infarction ventricular tachycardias, only 19 (29%) showed
recurrences during a mean follow-up of 26 + 12 months. This finding “per se” highlights the
role of radiofrequency catheter ablation in the overall clinical management of recurrent post
infarction ventricular tachycardias in patients with ICD. In addition, our findings stressed
the role of poor left ventricular function as an independent predictor of recurrent ventricular
tachycardia. Among patients with ejection fraction < 35%, 11 out of 25 (44 %) still continued
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to have ventricular tachycardia recurrences, independently of whether the ventricular
tachycardia responsible for ICD therapies was inducible at the end of the procedure or not.
Most clinical trials (Moss, 2004; Moss, 1996; Buxton, 1999; Bardy, 2005) testing the efficacy of
antiarrhythmic versus ICD therapy have used the ejection fraction as the marker for
advanced disease, with the qualifying criteria in the range of 30-40% or less. Interestingly, in
the AVID trial (Domanski, 1999) a subgroup analysis suggested that there was no benefit of
ICD therapy over amiodarone for patients with ejection fraction between 36% and 40%,
being all the benefit accrued to those patients with ejection fraction 35% or less. This
observation raises the critical question we addressed in conceiving this study, about
predictors of ventricular tachycardia recurrences, and consequently about therapeutic
options, for patients with ejection fraction greater than 35%. Our findings show that, among
patients with ejection fraction >35% and <50%, no recurrent ventricular tachycardia was
further detected in the patients in whom the ventricular tachycardia responsible for ICD
therapies was not inducible at the end of the procedure (100% specificity). Whereas
ventricular tachycardia recurrences continued only in the patients, in whom the clinical
ventricular tachycardia was inducible (100% sensitivity) (Colella, 2009). Actually,
inducibility of the clinical ventricular tachycardia, more than being a predictor of ventricular
tachycardia recurrences, is simply the consequence of radiofrequency catheter ablation
failure (Della Bella, 2002), i.e. of the fact that the clinical ventricular tachycardia has not been
successfully ablated. Accordingly, at least in patients with ejection fraction >35% and <50%,
the procedure should be repeated until an acutely successful ablation of the clinical
ventricular tachycardia is achieved. For these patients, indeed, radiofrequency catheter
ablation might be considered a reasonable alternative to ICD as the first choice. Finally, our
findings show that in all the 24 patients with ejection fraction >50% no recurrent ventricular
tachycardia was any longer detected during the follow-up. Based upon our findings, a
simple algorithm (Figure 3) is proposed for the management of recurrent ventricular

if clinical VT If clinical VT
If clinical VT INDUCED If clinical VT INDUCED
NOT at the end of NOT at the end of
Class IC INDUCED procedure INDUCED procedure
{reduction of | atthe end of re-do at the end of re-do
ICD shocks) procedure RFCA procedure RFCA
RFCA RFCA EICD RFCA

|

EF250%

T

EF<35%

EF 36-49%

ICD: iImplantable Cardioverter-Defibrillator RFCA:Radiofrequency Catheter Ablation

Fig. 3. Algorithm for the management of recurrent Ventricular Tachycardias in patients with
previous Myocardial Infarction.
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tachycardias in patients with previous myocardial infarction: a) for patients with ejection
fraction <35%, ICD still remains the first choice (class 1A). However, radiofrequency
catheter ablation is indicated to reduce ICD shocks (class 1C) (Zipes, 2006), b) for patients
with ejection fraction >35% and <50%, the first choice might be radiofrequency catheter
ablation and any effort should be made to successfully ablate the VT, repeating the
procedure if needed. The implantation of ICD might be limited to those patients in whom
the ventricular tachycardia is not successfully ablated. c) For patients with EF 250%, the first
choice might be radiofrequency catheter ablation.

4. Conclusions

In conclusion, the published studies have shown the important role of catheter ablation in
patients with structural heart disease and ICD implantation who experienced appropriate
ICD therapy due to recurrent ventricular tachycardias. Successful catheter ablation in these
patients prevents or reduces the number of ventricular tachycardia recurrences as well as
the rate of ICD shocks, improving the quality of life and probably long-term mortality.

Finally, the question whether ablation can replace ICD in patients with structural heart
disease is presented. The results of recently published studies are promising for further
expansion of ventricular tachycardia ablation indication, but several points merit additional
consideration. Catheter ablation of ventricular tachycardia is still an extremely complex
procedure and the reported results reflect the outcome of such ablations from highly
experienced and high-volume centers and, therefore, cannot be extrapolated to all
electrophysiology departments without additional simplification and standardization of the
ablation procedures and strategies. In spite of being able to achieve acute complete success
in the majority of patients who underwent catheter ablation of ventricular tachycardia,
accurate long-term prediction of outcome based on current risk predictors is difficult.
Therefore, we cannot currently replace ICD with catheter ablation, although in selected
patients, with hemodynamically stable and/or slow ventricular tachycardia and preserved
or mildly reduced left ventricular function (for which data from randomized studies are
lacking), catheter ablation might be considered an alternative to ICD. In addition, even upon
developing more effective ablation strategies and finding good predictors of long-term
outcome after a single center ablation procedure, the substrate of arrhythmia in patients
with structural heart disease is dynamic. Due to this inherently dynamic characteristics of
the arrhythmic substrate, cardioverter defibrillator implantation, cannot be replaced in the
long-term, with catheter ablation of ventricular tachycardia. It is in fact necessary to stratify
the risk repetitively and regularly, in order to perform repeated ablation procedures, if
necessary. Thus, before widespread recommendation of catheter ablation of ventricular
tachycardia becomes evident, especially prophylactic ablation, standardizing the ablation
procedure and strategies, endpoints, and the follow-up should be performed. Further
studies are necessary to clarify the role of catheter ablation of ventricular tachycardia on
long-term mortality of patients with structural heart disease (Arya, 2009). ICD remains a
life-saving device for patients with sustained ventricular tachycardia late after myocardial
infarction; but in selected patients, especially in patients with ejection fraction > 30%, who
are receiving an ICD for stable ventricular tachycardia, arrhythmic substrate ablation can be
considered early. Evidence of a positive effect on survival, subsequent hospital admissions,
or quality of life is needed before catheter ablation can be recommended for routine use. We
believe that today’s trial is further evidence to support early use of catheter ablation, as a
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valid alternative to antiarrhythmic drug therapy, for symptomatic recurrent ventricular
tachycardia after ICD implantation, provided that expertise to safely perform the procedure
is available (Stevenson, 2010).
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1. Introduction

Cardiovascular disease is the leading cause of death in the United States with over 696,000
cases recorded by the Center for Disease Control (CDC) in 2002 (National Center for Health
Statistics, 2002). In particular, Sudden Cardiac Arrest (SCA) claims 300,000 to 400,000
American lives annually (AHA, 2005, Huikuri, Castellanos & Myerburd, 2001, Zipes &
Wellens, 1998). Ventricular fibrillation is believed to be the insidious perpetrator associated
with the majority of these heart maladies (AHA, 2005, Cummins & Hazinski, 2000).
Unfortunately, most victims that experience SCA have only a small chance of survival
(Stiell, Nichol, Wells, De Maio, Nesbitt, Blackburn, & Spaite, 2003; Zipes & Wellens, 1998).
Increasing the probability of survival of SCA victims requires skilled and knowledgeable
responders. Usually the task falls to EMTs, firefighters, police officers, or other highly
trained responders. Unfortunately, these experts are not always available on site which
means that critical time is lost by moving responders to the victim. An alternative approach
to provide rapid access to responders is to develop and provide supportive technology that
guides a novice through the procedure of resuscitating the victim by presenting information
and feedback at the time when it is needed. However, such approach needs
methodologically and conceptually to be rooted in cognitive psychology and human factors
since these fields can direct work that aims at the robust improvement of human
performance of novices. The successful application of this approach has the potential to
improve usability of medical devices for non-experts, beyond the design of defibrillators.
Below we will outline the elements that need to be included in the development of a system
that allows an untrained responder to deal with a SCA by providing elementary
cardiopulmonary resuscitation (CPR). This approach is based on the idea of Just-in-Time
Support (JITS). First, we will outline the tradition into which such JITS falls conceptually.
Then, we will describe the differences between current architectures of Intelligent Tutorial
Systems (ITS) and the constraints under which a true JITS has to operate. In the following
section we provide a conceptual framework that allows analysis of human performance in
the context of complex procedural tasks. Next, we will describe a JITS developed for the
purpose of evaluating the feasibility and effectiveness of this approach, and report the
results of an experimental study that evaluated a JITS. Finally, we will discuss the findings
in the context of future developments of defibrillators and other systems that require
guidance of novice users when using these advanced medical technologies in emergency
situations.
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1.1 Intelligent Tutorial Systems (ITS)

1.1.1 Description of ITS

Intelligent Tutoring Systems (ITS) have been developed over the last decades. Early systems
focused on supporting students in acquiring knowledge, thus these systems were similar to
flash cards but were also capable of analyzing a student’s responses (Uhr, 1969). The next
generation systems were more sophisticated because they moved from a scripted
hierarchical structure of knowledge towards systems that were able to deal with potentially
all requests that a student would submit to the system. For example SCHOLAR (Carbonell,
1970) tutored students in South American geography and was designed to deal with a
variety of questions that might be asked by a student learner. The next important step in the
development of ITS was embodied in the work of Collins (1977). Earlier that decade Craik &
Lockhart (1972) demonstrated that deeper, more elaborate processing improved learning
and retention. In application of this line of reasoning, Collins (1977) implemented a Socratic
method of exploration for his system. What was remarkable about this approach was that it
allowed the student to “discover” knowledge, empowering the student to acquire
knowledge from experience and individual cases, through self-directed exploration of the
knowledge base. Despite the wide range of ITS there are a number of basic elements that all
of these systems have in common. These elements will be outlined next.

Many ITS projects share a basic architecture consisting of the same components. Perhaps the
most basic components as described by Burns and Capps (1988) are the “Expert Model”, the
“Student Model” and the “Tutor”. These modules are essential to the development of the
JITS framework and will be discussed in depth.

Expert Model. The expert model is designed to encapsulate all available knowledge for a
particular domain. Domains for which ITS’s have been developed included arithmetic -
BUGGY (Brown & Burton, 1978), programming language - LISPIT (Anderson, 1988), and
electronic troubleshooting - SOPHIE (Brown, Burton, and deKleer, 1982). Clearly, it is a
challenge to develop an expert model for an ITS and the difficulty is a function of how well
defined a domain is. For example, when dealing with technical procedures like maintaining
an aircraft, the problem space is well understood, i.e., the steps involved in performing a
procedure are clearly structured and the means to perform the task are well defined. Clearly
less well understood domains provide a significantly higher challenge for the designer of
the expert model, and with Anderson (1988) one has to emphasize that, . . . a great deal of
effort needs to be expended to discover and codify the domain knowledge” (p.22). The
information contained in the expert model is usually assembled by experts in specific fields
and serves as the standard to which the student’s actions and knowledge is compared.
Student Model. The student (or user) model is the system’s representation of a specific
learner’s abilities and knowledge concerning the domain under consideration. Because of
the dynamic nature of learning, a single or a static student model is not sufficient in an ITS.
This is because overall the student acquires knowledge during the use of the system and
progesses towards the development of expertise, but this track is not linear and
perturbations of the user’s proficiency across and even within a training session need to be
accommodated. A critical function of ITS is to properly diagnose the user and identify when
and what type of assistance is needed. If students perform below their normal baselines, the
system must respond according. For the system to accurately gauge a student, it must go
beyond a simple comparison to the expert model. One issue of current diagnostic functions
implemented in ITS’s is that they evaluate response accuracy by comparison with the
knowledge base (Linn, 1990; Marshall, 1990). This allows for the categorization of a student,
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but offers nothing to guide learning and performance (Linn, 1990). However, the tutor
model serves this purpose.

Tutor Model. The tutor model is essential in a ITS since it incorporates the didactic ideas of
the designer. Without a tutoring model (e.g., instructional module, or pedagogical agent) an
ITS would be limited to the administration and scoring of tests lacking the ability to impart
knowledge or understanding to the user. Structurally, the instructional module interacts
with the expert model and the student model to formulate relevant information to the user.
It evaluates the student model in terms of the expert model and decides what information to
present, how to display the information, and when to do so. The tutor model is the visible
module for the user. Through the interface, the pedagogical agent serves as the teacher,
consultant, assistant, or coach.

1.1.2 Limitations of ITS

The above description of the ITS architecture illustrates some of strength of the approach
that guides the development of an ITS. However, there are also limitations that are
associated with the development and use of such system. These limitations become
particularly salient when the goal is to design a system that does not provide knowledge,
but that can be used as a just-in-time support system. Certainly, both systems have
similarities- e.g., both are primarily aimed at novices, are computer based, and leverage best
practices of expert systems and user-interface principles. However, for the current purpose
it is also critical to understand the differences between these systems. The differences can be
described with regard to the goals, the time available for performance, the intended
cognitive processing strategies and the system input. A brief summary of these issues is
provided in Table 1, and will be discussed in detail in the next sections.

Objectives. The disparate objectives of each system are yoked to the temporal constraints
associated with their use. With the ITS, the extended time horizon enables the goals of
learning, long-term retention and fosters accuracy in the speed-accuracy trade-off. This
situation can be contrasted with the JITS that is not focused on learning, since retention is
inconsequential and potentially counter-productive in situations where a JITS is being used.
The objective is to allow the user to perform the task to a satisfactory degree in the limited
time available. Due to the temporal constraints, it is more important to sufficiently complete
all requisite steps in the given, limited time rather than to strive for flawless performance on
some tasks while failing to complete others.

Paradigm Objectives Time Available Processing Strategies | System Input
Intelligent | Long term retention Long time Deep/ elaborative Passive
Tutoring Learning horizon Adaptive, collection
Systems Accuracy over Self paced transferable Requires user
speed Low time Declarative input to
pressure computer
Just-in- Short term Short time Shallow /perceptual Active
Time performance horizon Mimicking collection
Support Complete task Externally paced | Procedural Monitors user
Speed over accuracy | Significant time actions
pressure

Table 1. Differences between Just-in-Time Support (JITS) and Intelligent Tutoring Systems
(ITS) on critical dimensions.
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Time available. A student using an ITS to acquire some knowledge will not experience time
pressure. The user determines the start time, duration, and sets the pace of the interaction
with the system. This more relaxed situation can be contrasted with the context in which a
JITS is being used. Here, the task will be subject to considerable time pressure due to the
task criticality (a non-critical task could tolerate awaiting the arrival of an expert), making
the task externally, and not internally paced. The JITS user operates under a limited time
envelope in which to perform the task.

Processing strategies. A significant discrepancy between systems is also evident in the
targeted cognitive processes involved in performance. The aim of an ITS is to target a deeper
level of processing (Craik & Lockhart, 1972) which allows long term retention. Thus,
intelligent tutoring systems utilize declarative knowledge permitting extensive mental
associations and abstractions. This more elaborative processing strategy serves not only
long-term retention, but also pliant, adaptive application with the development of domain
expertise. In contrast a JITS targets a shallower, perceptual level of information processing.
As a consequence, mimicking-type strategies, though inferior to elaborative processing for
memory, are efficient for accomplishing procedural tasks without any previous practice in
the task.

System input. The final difference concerns the input mechanisms that are implemented in
each system. Traditional ITS requires a direct manipulation by the user (i.e., type, point
and click, etc.). The system itself is designed to be passive whereas a JITS is specifically
designed to actively collect data from the environment in which the task is performed.
Equipped with an array of sensors the JITS system identifies changes of state and updates
its models based on those changes. This process is implemented in such way that it is
transparent to the operator (sensors are integrated with the tools used), and overall drives
updated cues and feedback that guide performance to meet standards that suffice.
Feedback and plan adaptability consequentially rely upon the external data the system is
able to collect and integrate. The operator is permitted to act in a goal directed manner on
the world (essential for performing a task), and is not required to provide additional
information necessary to update the system’s representation of the environment and the
task progress.

Clearly, there are significant differences between the traditional ITS approach and the JITS
design. One of the additional differences relates to the challenge of assessing performance of
a human operator. To do this, a control theoretical perspective as proposed in the COCOM
model can be useful. In the next sections we will describe this framework.

1.2 COCOM as conceptual framework

Erik Hollnagel (1993) developed the Contextual Control Model (COCOM) that describes a
continuum of human control and can serve JITS development in both design and
evaluation of operator performance. The model provides designers with a tool to identify
parameters and determine control characteristics of an operator, which not only enables
prediction of control conditions, but also establishes means to manipulate control states.
Additionally, the model provides an effective assessment tool to evaluate performance
hypotheses.

Before the nominal control modes can be described it is important to explain the parameters
that characterize a given state of control of an operator. Based on Holnagel’s model it is
possible to distinguish several dimensions that help characterize the level at which a person
is performing a control task. Determination of outcome is a reflection of an operator’s ability to
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detect and interpret a change in system state. The subjectively available time is a measure that
assesses the time pressure that is subjectively perceived by an operator. The number of
simultaneous goals reflects the number of objectives the user can maintain concurrently and
their relevance to the overall goal. The availability of plans is an expression of the controller’s
access to heuristics, plans, procedures or something rule-like to guide actions that are
performed to accomplish the overall goal. The event horizon is composed of the extent to
which previous information on the control task is being utilized in a given decision, plus the
“prediction length”, which is an extrapolation of the future state of the system. Finally, the
mode of execution is a reflection of the overall way how an operator performs the control task.
Two modes are possible, a “subsumed” (ballistic or feed forward) mode where actions are
executed automatically. This mode requires assumptions and predictions with regard to the
dynamics of the controlled system. The second mode is a “feedback” mode in which data of
the tasks’ state and progress guide future actions because a constant assessment of
performance changes the guidance that is provided.

1.2.1 Control modes

The control continuum that describes the level of control of an operator is anchored by an
absence of control at one end of the continuum, and highlights several milestones as control
progresses to a very high-level of control at the other end of the continuum. Hollnagel
identified four characteristic regions of control. From the level of least control to level of
greatest control the regions are labeled: scrambled, opportunistic, tactical, and strategic levels of
control. A more detailed description of these levels with regard to the dimensions outlined
above will be provided next.

The level of scrambled control resides on the lowest end of the continuum, and is an
expression of a lack of control of the operator. The user performs the next action at random
and the choice of action is unpredictable, resulting in a trial and error approach with limited
determination of the outcome. Here, this approach results in user actions being incongruous
with the situation. Clearly, a user operating in a scrambled control mode has no knowledge
about the process and lacks any heuristics, rules or procedures that would allow performing
the task. Consequentially, the user experiences a great deal of stress due to high cognitive
workload, time pressure, and a futile understanding of the system and/or the current
environmental conditions.

The opportunistic level of control is the next region on the continuum of control. What is
important at this level is the fact that the operator expresses some ability to move the system
toward the overall goal state. Similar to the scrambled mode of control, the operator still
perceives significant time pressure, but it is possible for the user to plan the next action that
is being performed. In addition, actions are no longer characterized by chance. Overall these
changes are a reflection of the fact that control now becomes a cognitive problem, i.e.,
control is based on the user’s ability to recognize and act on salient cues in the environment
and that are provided by the system. Thus, the operator moved from a subsumed mode of
execution to a feedback based mode, with feedback being accessible and interpretable and
the environment being somewhat familiar.

A the level of tactical control a noticeable change in perceived time pressure occurs which
allows for short range planning. The user experiences an expansion of the event horizon that
is involved in planning, in both directions (previous states and predicted states).
Performance now is based on previously acquired rules or procedures and the operator is
now in a position where it is possible to anticipate needs associated with the control task
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that are in the near future. The meanings of the outcomes of actions are more completely
understood, and two or three goals the operator pursues may be active at once, with a plan,
rule, or procedure supporting each of the goals. Feedback is an important input and being
utilized for comparison with higher level goals.

Finally, the strategic level of control is a state of high stability and planning that is well
beyond the immediate context of the control task. Performance at this level is effective and
robust with the event horizon being further extended in both directions. The operator has
the opportunity to contemplate the highest level goals and performs at both modes of
execution (i.e., feedback and feed forward control). Finally, performing at the strategic level
of performance requires substantial motivation to do so. The user must embrace the high
cognitive load associated with this level of performance that is a result of extended
planning, reasoning, and observation to attain a strategic mode of control. Because of this
high cognitive demand, strategic control often cannot be maintained for long periods. A
summary of the different modes of control and their association with the different COCOM
parameters is displayed in Table 2.

Parameters Scrambled | Opportunistic | Tactical Strategic
Determination of Obscured | Limited Context dependent Elab(.)ra.te "
Outcomes prediction
Subjective Time Severe Significant - Light-Moderate None
Pressure Severe
Simultaneous
Goals 0-1 1 2-3 2-many
Plans and
Availability of None . Most goals supported by contingencies
Minimal )
Plans employed plans available for
all
Some history, | Planning (based on current Extens.l ve
. Present . o . planning
Event horizon little situation), use of previous
only . & use of
planning data historic data
Mode (.)f Subsumed | Feedback Feedback Feedback +
Execution subsumed
Action Selection Random Cue driven Plan driven Prfedlctlon
driven

Table 2. Summary of COCOM parameters and control states (adapted from Hollnagel, 1993).

One important aspect with regard to the different modes of control is related to how an
operator can switch between these modes. Below we will discuss the process of
transitioning between modes.

1.2.2 Mode transitions

The transition between control modes is also of importance, and can be discussed in terms
of changes in the parameters outlined above. Since those characteristics describe a state of
control, it is appropriate to speak about an operator moving along the control continuum as
result of a change in one or more of those parameters.

The most direct transition is a simple step to an adjacent level of control. This shift may be
either an increase or a reduction of control performance. However, it is possible to have
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transitions that skip a level. For example, an operator in a tactical control mode may
encounter a completely novel crisis. During such encounter the subjectively available time
may diminish and no heuristics for employment are available. Clearly, a scrambled
condition has resulted. Hollnagel (1993) insists that there is a constraint in moving to and
from strategic control with strategic control only being reached from the tactical region and
also only be able to degrade to the tactical level.

Knowing the characteristics of each control mode, allows identifying the region in which an
operator is performing. Knowledge of the task, tools, and context permits a developer of a
system to articulate mode control predictions which provide a workspace that can be
manipulated in an effort to improve an operator’s level of control. For example, one
implementation is to make accessible a plan to a user where the person did not have any
previously. In addition, it is possible to rectify the absence of salient features by providing
guidance. Finally, clear feedback can be presented to promote interpretation that can guide
action.

Lastly, the application of COCOM as a model of human performance provides some
guidance for the development of assessment tools of human performance in the context of
complex tasks, i.e., the assessment of performance using a JITS system. Thus, Hollnagel's
model provides valuable characteristics to describe the task and desired performance which
can allow prediction of performance in a given situation.

1.2.3 Design considerations based on COCOM

After the above description and analysis of the COCOM model it is now possible to identify

several important design recommendations. These recommendations guided the

implementation of the Just-in-Time System to provide CPR expertise. Below each of these

principles is outlined.

e Provide a plan of action to the user that is adaptable to dynamic conditions and needs

e  Provide salient, action-directing cues to the user

e  Provide easily interpretable feedback to help the user correct actions and update system
state continuously

¢  Work within time constraints that are derived from the task.

Clearly any direction provided to a user of a JITS needs to include the visual and auditory

modality to provide instructions and feedback. Visual displays can inform a novice on how

to proceed when performing individual steps of the task. This implies that a dynamic visual

display has to

¢ demonstrate sequential actions in a procedural task

e  obtain attention focused on specific tasks or presentation displays

o illustrate a task which is difficult to describe verbally

e  represent invisible system functions or behaviors in a transparent fashion.

1.3 Additional design considerations

1.3.1 Expertise

A substantial amount of research has been conducted to identify what characterizes expert
behavior and expert performance (e.g., Chi, Glaser, & Farr, 1988,). Glaser and Chi (1988)
established seven general attributes representative of experts. These attributes are presented
in table 3.
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1. Experts excel in their own domain.
2. Experts perceive large meaningful patterns.
3. Experts solve problems quickly with little error.
4.  Experts have superior short- and long-term memory in their domains.
5. Experts represent problems more abstractly.
6. Experts are able to spend great deal of time analyzing a problem qualitatively.
7. Experts have strong self-monitoring skills.

Table 3. Expert characteristics (Glaser & Chi, 1988).

1.3.2 Expert-novice differences
Johnson (1988) observed that novices do not have extensive domain knowledge, and cannot
encode information well (e.g. they lack an adequate representation and experience pattern
matching difficulties) nor process new information quickly. Miller & Perlis (1997) also
discussed novices’ inferior knowledge base and structure, adherence to superficial cues, and
utilization of small, fragmented information units. Not only did novices utilize more
superficial knowledge, but the knowledge base lacked cross referencing and the
organization that experts are able to impose.

In developing a system for non-experts it is of critical importance to understand the

limitations of novices. This can lead to an implementation of guidance that truly supports

performance but does not exceed novices” abilities. Below are the design recommendations

pertinent to each expert characteristic described in Table 3.

¢ Novices do not excel in the given domain, they need help. Thus, there is a need for JITS.

¢ Novices need to parse information into simpler, more digestible chunks. Critical
parameters and combinations must be salient. The system helps the user to construct
patterns in small increments.

e The pace at which information is delivered to novices should be slowed. Information
about sequential steps may also need altering. Repetitions in displaying this
information may be necessary. The pedagogical model should monitor and control the
pace and sequence pursuant to operator needs.

¢ The system should relieve burdens to short term and long term memory of novices by
holding the information and making it visible, accessible, and congruent with the
current subtask.

¢ Novices do not understand abstract concepts of the domain. Cues and feedback must
utilize concrete representations. Designers cannot assume knowledge on the part of the
user. Metaphors, higher level concepts, and domain knowledge are likely to be lost on a
novice.

e Novices will not have time or ability to analyze the situation on a deeper level. A
context-aware system will be responsible for identifying the proper course of action.

e Novices will likely be far too stressed to have any resources available to deal with the
challenges required in building situation comprehension. Smart algorithms and sensors
take over this job in conjunction with the situation assessment the system monitors
operator performance in order to optimize cues and feedback to assist the user optimally.

The emphasis in employing these design recommendation is that it is imperative to provide

information congruent with the operator’s knowledge. For the development of an effective

system it is important to design systems that are suited for the user’s level of expertise. It
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also is important to not attempt to transform novices into experts when developing JITS
systems since acquisition of expertise exceeds available time. Often, tasks may consist of a
single trial, which is clearly not sufficient to establish expertise. However, by abandoning
the effort to create an expert and embracing the task of mimicking one, several advantages
arise. For example, a shallow level of information processing can be targeted. Certainly such
level of processing is inferior for retention, but it reduces the demand on the novice’s limited
cognitive resources and leverages more primitive processes such as perception-action
mechanisms. To summarize the following design principles with regard to expertise need to
guide the development of a JITS:

e  Break information down into comprehensible chunks

e  Use concrete (as opposed to abstract) representations

e  Ensure the pace of information delivery is apt for user population

¢  Minimize cognitive burdens (memory, search, attention capture) as much as possible.

e  System should assume monitoring role

e Keep information visible

1.3.3 Feedback
Feedback can be defined as information that is provided to an operator that is relevant in the
context of assessing performance or outcomes. In order to provide closed-loop control,
feedback must be communicated directly to a user, and if provided correctly it has the
potential to enhance operator control.
Numerous reviews and meta-analyses demonstrated the effectiveness of accurate feedback
in a variety of tasks (Azevedo & Bernard, 1995, Kluger & DeNisi, 1996, Salmoni, Schmidt, &
Walker,1984). Reliable feedback enhances learning and performance. In support of
immediate task facilitation, Goodman (1998) concluded that frequent and immediate
feedback to study participants improved performance during practice. Similarly, Young &
Lee (2001) found that more feedback in the “acquisition phase” facilitated task performance
(but not retention). In JITS supported tasks, “practice” occurs simultaneously with the
“test”. Therefore, frequent and immediate feedback will likely generate desired effects for
JITS systems. An additional benefit of feedback is that it increases motivation. Participants
often invest more effort, show more interest in the task, and persist longer than those who
do not receive feedback. Interestingly, Salmoni, Schmidt, & Walker (1984) found these
effects persisted for some time even after removing feedback.
Based on the above, a number of recommendations for optimal delivery of feedback in a
JITS can be provided:
¢  Customize feedback pursuant to operator knowledge
e  Feedback provided must be reliable

i.  Conflicting information can confuse the user

ii. Excess precision (based on user knowledge) will likely be ignored
e  Feedback timing is critical

i.  User must be able to relate feedback to relevant activity

ii. User must be ready to attend to feedback information
e  Feedback may serve as motivation in completing the task

1.3.4 Visual displays
Since most of the tasks supported by JITS entail spatial arrangements, information needs to
be presented visually to the user. Technology-intense domains typically require visual
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displays to support detection and interpretation of events, particularly when governed by

capricious constraints (Sanderson, Haskell & Flach, 1992). This assessment certainly applies

to the CPR/defibrillation task. Park and Hopkins (1992) outlined six conditions in which

dynamic visual displays (DVDs) are effective. The majority of those conditions are highly

cogent with JITS system development to support CPR. The use of DVDs is effective when:

- Demonstrating sequential actions in a procedural task

- Obtaining attention focused on specific tasks or presentation displays

- Illustrating a task which is difficult to describe verbally

- Explicitly representing invisible system functions or behaviors.

Based on the above the following design recommendations for dynamic visual displays can

be used in the context of JITS development:

¢ Important for conveying dynamic visuo-spatial information which is often difficult to
verbalize

e Appropriate for sequencing and procedural information

o  Effectively portray motion and trajectory

¢ Animations should be simple and relevant

¢ Pacing of dynamic visuals must be carefully considered

1.4 JITS framework
After the previous sections outlined the design recommendations for a JITS, in the next
sections the JITS framework will be presented.

1.4.1 Real time support

Because the primary application of a JITS system is in the context of performing urgent tasks
without the user of the system having task expertise available, system based support needs
to be provided in real-time. With the task being one of urgency, any implementation has to
address the fact that performance is under high time pressure and the time horizon of the
task is short.

The main purpose of the JITS system is to support performance of a user by structuring the
instructions in such way that they can be easily followed, even by a complete novice. This
goal is accomplished by breaking down the overall task into its elements or sub-tasks and by
presenting these sub-tasks individually to reduce the cognitive load that is imposed on the
user of the system (see section 1.3 for design recommendations).

Because the JITS systems’ focus is on short term performance and immediate task
completion, it supports the user with the goal to mimic an expert without the necessity of
long-term retention which is the main focus of intelligent tutorial systems. This goal is
achieved by adaptive information presentation. This information presentation approach
aims at supporting shallow, perceptual processing of the information that enables the user
to mimic the displayed procedures to a level of proficiency that meets minimal performance
standards. The goal can be achieved through effective information presentation (see section
1.3 for design recommendations).

1.4.2 Information presentation

Visualization of information is optimal for conveying complex, temporally constrained,
spatial information. In many cases, a task will require a space-dependent manipulation of
the environment through effectors such as tools or direct contact. According to Schmidt and
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Kaysor (1987) who report the superiority of simple graphics compared to photographs, a
simple graphical presentation can lead to superior information processing (see also
Harrison, 1995). Further, displaying information based largely on graphics and animation
can transcend language-induced barriers. Though, if language is not likely to be a concern,
the combination of graphics and text produces superior results to either alone (Booher,
1975).

Animation has the advantage of allowing the novice to mimic expert behavior simply
through observation. For example, Palmiter and Elkerton (1991) found that participants
using animation performed training session tasks in approximately half the time required of
a text using group and this without sacrificing accuracy! In training, the animation group
surpassed the text group by performing over 90% of their trials correctly, while the text-
based group failed to achieve 80% correct. The findings suggest that participants in the
animation group adopted a mimicking strategy.

A JITS system’s real-time support displays manual/technical aspects of the subtasks by
showing animations of how and where to perform a task (e.g., tilting the head of the victim)
and instructs how to attach the sensors. After attaching sensors to a patient, the system
provides real-time feedback about the patient’s vital signs and offers context dependent
suggestions for the next step of the treatment protocol. This reduces the cognitive load and
eliminates the requirement of planning next steps that are conditional on current situation
assessment.

1.4.3 Adaptive support

Another important implication of the task setting under which a JITS can be maximally
effective is that the speed at which the task needs to be performed and the sequence of the
sub-tasks is determined externally. This implies that changes in the environment need to
have a direct impact on the selection and execution of procedures by the user. The basic idea
of a JITS is that it addresses these requirements by providing adaptive support to the user.
Adaptive support is possible because the system collects continuously data in the task
environment by using advanced sensor technology. The collected data are then used to
provide context specific instructions that can lead to performance that addresses the
problem at hand optimally. Support for this approach is provided by Carlson, Lundy, and
Schneider (1992) who report evidence that guidance is effective in supporting novices when
dealing with novel tasks where long-term retention is not required. Guidance also supports
a novice by taking advantage of the hierarchically structured task that is the basis for any
task that can be implemented using a JITS. This structure allows the presentation of
information in the exact order that is needed to execute the procedure optimally (see Bovair
& Kieras, 1991; Jansen & Steehouder, 1996).

The JITS system guides the user by providing a plan that effectively provides the novice
operator with the expertise necessary to successfully perform the task. However, as JITS will
have to accommodate novices, it is important to understand the differences and
communalities of information requirements for experts and novices. There are important
differences in information requirements between experts and novices that are based on the
different cognitive representations used by the two groups during task performance. For
example, experts tend to think more abstractly, perceive meaningful patterns, and organize
tasks based on their domain expertise (Chi, Farr, & Glaser, 1988). In contrast, novices are less
likely to reason and organize abstractly in the domain, fail to recognize patterns, and rely on
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concrete representations (Miller & Perlis, 1997). Thus, simply transmitting expert knowledge
to novices is likely to yield errors.

Overall, in the context of the current JITS system user guidance is implemented as context
dependent recommendations about the next step in the procedure that needs to be taken to
achieve satisfactory performance. In addition, the system supports decision making at
decision points in the protocol by highlighting the correct protocol branch. Novice decision-
makers tend to be overwhelmed when provided with multiple alternatives. By highlighting
the recommended course of action the cognitive load is reduced and no alternatives have to
be evaluated requiring careful assessment of the current situation.

A schematic overview of the Just-In-Time system that was evaluated in the experimental
study is illustrate in Figure 1 below.

Task Workspace

Just-in-Time Support System
R

Task Analysis ITS

sSensors

>

tools/equip

Algorithms

Expertise Error

. receptors effectors
Analysis

Visualization

Modules

+

receptors

Human Operator

Fig. 1. Schematic of a Just-in-Time Support System.

2. Methods

The experimental study used a randomized 3 (training) x 2 (device) nested factorial design.
Naive participants received one of three training programs and returned 2 weeks later to
complete the experimental procedure in one of the two conditions (either with or without
device assistance). Device-based sensors collected multiple measures providing means to
analyze participant performance during the assessment phase.
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2.1 Participants

A total of 100 participants took part in the study. The participants were largely members of
the University of Utah community. The mean age for participants was 22.6 (SD=6.7) years.
Because of the focus of the study, it was a requirement that participants did not have
knowledge in CPR or first aid. Forty-five participants claimed prior CPR training with a
mean of 6.5 years (SD=6.5) since the training (it is common that high school students from
the area receive a training class however, it does not result in certification). A questionnaire
was administered with the goal to screen for the extent of CPR knowledge. The researchers
asked if participants had been trained in CPR or with an AED and asked basic skill
questions such as the ABCs of CPR. None of the participants was able to answer all of the
knowledge questions correctly. Correct answer of all of the simple questions would have
resulted in exclusion from participation in the study.

2.2 Training

Three different training conditions were utilized in the experiment. The “CPR” training
consisted of a slightly modified version of the American Heart Association (AHA) protocol.
The modifications included dropping portions of the procedure including checking for
pulse and calling for help as these were not emphasized in the present study. Two groups of
twenty (total 40) participants received CPR training. Twenty (20) more participants received
“device” training (DEV-DEV in Table 4) mirroring CPR training and incorporating the
device into the instruction process. A registered nurse administered the CPR and device
training. Prior to completing the training, each individual demonstrated aptitude to an
adequate level and trained to criteria. Finally, two more groups (20 per group) trained in a
fashion unrelated to the task. The experimental design called for two control groups in
which no task relevant training was given. These participants learned strategies to improve
verbal scores on the graduate record examination (GRE). Table 4 provides a visual
representation of the design and names the groups according to experimental condition.

N=100 no device device

CPR trained _ CPR-DEV (n=20)/
Training (n=60 total) GRE-NO (n=20) DEV-DEV (n=20)

GRE trained (n=40 total) | GRE-NO (n=20) | GRE-DEV (n=20)

Table 4. Experimental Design.

2.3 Apparatus

The JITS device aims at providing a means for novice users to perform effective CPR and
defibrillation tasks. Based on the American Heart Association (AHA) protocol from 2006,
the device delivered instructions crafted for novice understanding via visual and auditory
prompts. Utilizing smart sensors and algorithms, the device assessed user actions and
customized feedback to guide and ultimately improve performance. For example, if the
sensors detected the chest compressions were too shallow and too slow, it prompted the
user to “push harder” and “push faster” for the next set of compressions. The sensors not
only drove feedback algorithms but also collected data on task performance. In addition to
relieving many cognitive burdens, there were also engineered improvements such as the
integrated headrest and mask. Pre-experiment investigation revealed many novice
responders had difficulty maintaining an open airway while giving breaths. The headrest
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was designed to ensure victim head-tilt to keep the airway open without requiring the
responder to manually perform the task each time while giving breaths. Figure 2 shows the
device in use.

Fig. 2. The device in use on training mannequin.

The system provided the first visual and auditory cues to initiate the actions of the novice
responder. The system governed the pace and content in accord with the operator
performance by monitoring changes in the task space (i.e. tool placement, flow meter
readings). For example, the instructions required for rescue breaths were withheld until the
system recognized correct head placement. Pressure sensor in the headrest determined the
placement of the victim’s head. The system managed the action plan and provided the user
simple, actionable commands.

After giving simple instructions and monitoring performance, the system then provided
feedback if necessary. For example, after placing the mask, the system stated ‘give two
breaths” and provided an animation demonstrating the proper method. Then the sensors
actively monitored the inspired volume of air into the lungs. If the rescuer delivered
insufficient volumes, instead of moving to the next step, the system encouraged the
responder to “give two large breaths”. Feedback of this kind was critical in elevating and
stabilizing performance early in the scenario.
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A headrest, anesthesia breathing mask (with one-way valve), and defibrillator pads from
Zoll's AED-plus®, and Lilliput® 8-inch touch screen LCD served as the tools available to
the responders in the “device” condition (Figure 3.). The headrest was customized from
foam. Two pressure sensors were inserted at the neck and in the center of the bowl of the
headrest (in order to detect proper head placement). The mask apparatus consisted of a
standard anesthesia mask, bacteria filter and a one-way valve (directs victim’s exhalation
away from the responder).

A desktop and a laptop computer provided the computing resources for generating the
displayed animations and auditory cues as well as collecting data from: two Novametrix
Medical Systems, Inc. CO.SMO Plus flow monitors (one inside the mannequin, a second
externally in the mask); pressure sensors (headrest), and linear potentiometer placed on the
spring inside the mannequin.

The signals collected from the sensors were converted by a PMD 1208 LS, Measurement
Computing Systems analog-to-digital converter. All software was written in C++. A Laerdal
Medical Little Annie® mannequin portrayed the victim for each responder. The mouthpiece
was exchanged and discarded for every responder while the bacteria filter and mannequin
“lungs” were replaced every five participants or fewer as needed.
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Fig. 3. Components of the device.

2.4 Procedure
Training sessions were offered at various times and locations for a period of 90 days.
Participants were blinded to the type of training they would undergo. After the group
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training session, each individual was to schedule a testing date a minimum of fourteen days
to a maximum of twenty-one days after training. Participants” self selection of training and
experimental times contributed to the randomization process.

Upon returning for the experimental session the experimenter ensured consent forms were
completed, verified previous training, and read the participant the appropriate instructions.
All participants were informed that they would enter a room with an unconscious victim
(no breathing, no pulse). Their task was to perform CPR until help arrived (the victim would
remain unconsciousness for the entire scenario).

The groups that were not utilizing the device were informed that “tools” would be available
adjacent to the victim. These included a mask for ventilating the victim as well as pads
associated with the defibrillator. The components were identical to those available in the
device condition.

The device group had the added benefit of the headrest and of course, the protocol, audio and
visual cues and feedback presented by the device. Pre-experiment instructions encouraged
device-group participants “...to follow the instructions of the device as closely as possible”. A
still frame of the video instruction to place the headrest is displayed in Figure 4.

Fig. 4. Screenshot of video instruction "place headrest".

After completing the scenario, the researcher praised the efforts of the participants and
reassured them it was simply a simulation with an inanimate object. The debriefing also
included a survey to assess actions and a number of variables that based on COCOM should
be sensitive to differences between groups. Finally participants were thanked for their time
and paid $30.

2.5 Coder training

Research assistants coded participant behavior based on a number of categories for each of
the steps of performing the task of providing CPR. Participant activities were coded as
falling into one of the categories based on Hollnagel’s COCOM model.
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Control mode (COCOM)
Scrambled Opportunistic Tactical
no two hand use of Two hand use, with [Two hand use (anesthesia based) with
Mask . .
mask effective seal effective seal
Breaths audible leak give when system look for chest rise while giving
commands
Chest One handed; wrong Chest compressions |15 consistent chest compressions
compressions |grip with beeps (despite beeps)
Body excessive move (waist looks @ screen little movement to accomplish
shoulders)
Verbal “what” /”how to do Comments
comments by |....?"; expression of expressing insights |count out loud; articulate plan
participants frustration e.g., "Oh”, “Ahh"
begin action- without  |system interrupt; .
Start/Stop finish (correct) follow system ignore system to perform correct
fail to use; explore;
Tools search; can't find used on command  |use correct without prompt anticipate
immediately
place pads without looking at screen;
. watch screen for .
Pads don't use pads at all correct placement before or without
placement of pads cue o feedback

Table 5. Coding of performance based on COCOM.

2.6 Post experimental questionnaire

To identify group based differences on subjective measures like action selection, utilization
of cues and feedback, determination of outcomes, goal setting, and time pressure a post-
experimental questionnaire was applied. For example, to assess the perception of feedback
in the scenario participants were asked to rate on a 10 point scale how effective feedback
was ranging from a value of 1 - I did not receive feedback to a value of 10 - feedback was
helpful. The basic assumption is that participants in the different experimental conditions
should be sensitive to differences in manipulation based on predictions from COCOM and
these differences should be reflected in measures like action selection, utilization of
feedback, determination of outcomes, goal setting and subjective time-pressure since they
are sensitive to the level of control of a participant.

3. Results

3.1 Control modes

Four trained coders who were blinded to the hypotheses of the study performed the control
mode analyses. After each coder succeeded in a 4 hour training that familiarized them with
the categories and their definitions, they were tested on example videos that represented
samples of the observation study. Each coder was trained until they reached 95% accuracy
of detecting and coding behavior as specified in the definitions. Next, in a different session
they were instructed on how to review the video recordings and who to record their
observations to the data sheet. Inter-rater reliability was assessed with Cohen’s Kappa
(Kappa = 0.899). This kappa value is well above the commonly accepted 0.70 level threshold
validating the use of the coding results.
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Table 2 summarizes the proportion of actions by mode for each participant group. A
multivariate analysis of the control mode data resulted in a significant difference for
experimental group (Wilks'Lambda = 0.049, approximate F(12, 246.3) = 43.6, p < 0.001). Next
univariate and post-hoc Scheffe tests were conducted to analyze the overall finding in more
detail. The results of these analyses are discussed in the sections below.

Group %Scrambled %Opportunistic %Tactical
GRE-NO 90(12) 4(7) 5(7)
GRE-DEV 30(15) 66(15) 4(8)
CPR-NO 19(22) 16(7) 64(25)
CPR-DEV 17(12) 62(16) 21(17)
DEV-DEV 15(9) 60(10) 24(12)

Table 6. Group means for COCOM classification (in percent). Standard deviations in
parentheses.

In a comprehensive analysis that categorized participants as being in a particular mode of
control based on the median of their actions falling within one of the three control modes, all
of the participants in the GRE-NO group were classified as performing in the scrambled
control mode at the aggregated level. A more detailed analysis of the average percentage of
actions across the group and not based on individuals falling into one of the three control
modes revealed that almost all of the actions of participants in this condition were classified
as displaying scrambled behavior (M = 90%, SD = 12%). Post-hoc comparisons revealed the
90% mean for GRE-NO was significantly higher compared to scrambled mode scores for all
other groups (p < 0.001) (see Figure 5).

100
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£ 70 A B GRE-NO
m -
£ 60  GRE-DEV
g %07 CPR-NO
t 40 -
©
b B CPR_DEV
c 30 -
8 ¥ DEV-DEV
() 20 -
o

10 -

0 -
Scrambled

Fig. 5. Scrambled control mode for all experimental conditions.
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In contrast to the GRE-NO group of participants, participants in the GRE-DEV condition
benefited from the provisions of plans, cues, and feedback and demonstrated an
opportunistic control mode. Overall, only two participants (10%) in this group were
classified as acting at the scrambled level of behavior, while all other participants in this
group performed in an opportunistic mode of control. In a more detailed analysis
focusing on individual actions, the GRE-DEV group posted the highest proportion of
opportunistic behaviors (M = 66%, SD =15%) (see Figure 6). Post-hoc tests demonstrated
that this percentage was significantly higher than the two non-device groups (p < 0.001)
but not statistically different from the other two device groups (p > 0.658). Most of GRE-
DEV’s remaining actions (M = 30%, SD = 15%) resembled a scrambled mode of control
(see Figure 5).
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t
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o
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= m DEV-DEV
& 10 -

0 -

Opportunistic

Fig. 6. Opportunistic control mode for all experimental conditions.

The CPR-NO group consisted of well trained but unsupported (no plan, cues, or feedback)
participants, relying on knowledge retrieval based on their previous training to perform the
task. Adequate performance given the background of participants should facilitate a tactical
control mode, which is supported by the data (Figure 7). Overall of the twenty participants
in the CPR-NO group, eighteen were classified as acting at the tactical level, and only two
participants were coded as performing at the scrambled level of control. When analyzing
individual actions at the group level, actions that were classified as being representative for
tactical control accounted for the majority (M = 64%, SD = 25%) of their activity, which is
significantly higher than any other group (p < 0.001). In addition, this group’s opportunistic
control mode score (M =16%, SD = 7%) was significantly lower than the three device groups
(p < 0.001), and the CPR-NO'’s scrambled score (M = 19%, SD = 22%) was comparable to the
three device groups and reveals that participants in all groups made some errors when
performing the task.
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The device clearly captured participant’s attention in the CPR-DEV group where 16
participants” actions were classified as falling into the opportunistic mode of control, three
participants were classified as acting in the tactical control mode, and one participant was
performing in the scrambled control mode. Again, the three device groups did not differ
significantly in their opportunistic scores (p > 0.658), nor scrambled scores (p > 0.074), but
GRE-DEV did lag the other two groups in tactical actions (p < 0.026).

Finally, analyzing the performance in the DEV-DEV group revealed that at the aggregated
level, all 20 participants in DEV-DEV group were classified as performing at the
opportunistic mode of control. This overall performance is also reflected in the fact that the
analysis of individual actions revealed that the majority of actions were performed at the
opportunistic control mode, approximately 20 % of the actions were performed in the
tactical control mode, and the fewest number of all actions of all groups was performed in
the scrambled mode of control.
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Fig. 7. Tactical control mode for all experimental conditions.

3.2 Protocol compliance

Another analysis focused specifically at the subtasks that were classified as necessary to
comply with the American Heart Association’s CPR protocol. Specific comparisons between
each experimental condition were performed to identify the degree of compliance with these
steps. For this purpose, the number of correctly completed steps achieved by each
participant was recorded. The analysis was confined to only the first cycle of providing CPR
since one of the constraints of these tasks is that all tasks must be completed the first time
through the procedure. For example, if the pads are placed in the first cycle, there is no need
to complete that step in each cycle. Subsequently, only a subset of the tasks was repeated.
Again, two trained coders (same training procedure as described above applied)
independently evaluated each action on the video recordings and determined if participants
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correctly completed the required nine activities. Of the 900 judgments, only 19 discrepancies
between the coders emerged resulting in high concurrence between the raters (agreement
exceeded 97.8%). Table 7 contains the number of protocol steps each group performed
correctly.

. GRE-NO (GRE |GRE-DEV CPR-NO (CPR |CPR-DEV (CPR DEV-DEV
Experimental .. . .. .. . .
ou training - no (GRE training - |training - no  [training - (device training
group device) device) device) device) - device)
MEAN 1.6 (1.46) 7.80 (1.05) 7.85 (1.49) 8.45 (0.88) 8.65 (0.49)

Table 7. Mean number of protocol steps executed correctly (9 max) standard deviation in
parentheses.

Protocol steps
10
9
W s [
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E 6
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y 4
-]
E 3
z 2 |
.
0
GRE-NO GRE-DEV CPR-No CPR-DEV DEV-DEV

Fig. 8. Average number of correctly performed steps in accordance with the AHA protocol
for each experimental condition. The red line indicates perfect performance.

Statistical analyses revealed that the group means were significantly different (F(4,95) =135,
p<0.001) overall (see Figure 8). Post-hoc comparisons indicated that the GRE-NO was unable
to accomplish most subtasks that are critical to CPR and defibrillation (p < 0.001).
Interestingly, there was no difference in performance between any of the other four
experimental groups. All of these groups were able to complete the required steps at a level
of performance that is statistically not different. Finally, inspection of the standard deviation
for each group indicates that the DEV-DEV had the smallest level of variation, where GRE-
NO and CPR-NO had high levels of performance related variability between participants
within each group. Overall, this descriptive finding indicates that external guidance in the
DEV-DEV supported standardization of performance, where the two groups that had no
such guidance available were more heterogeneous in terms of compliance with the AHA
required steps.
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3.3 Post experimental survey data

The post-experimental questionnaire served as yet another instrument employed to assess
the bounds of control mode categories and provided converging evidence for the hypothesis
that the different experimental conditions lead to differences in control mode. The survey
instrument utilized multiple scales to represent different COCOM parameters. Specifically,
scales represented action selection, utilization of cues and feedback, determination of
outcomes, for goal setting, and time pressure. The inquiries concerning action drivers
(includes cues), feedback utilization, and outcome determination yielded results consistent
with hypotheses

In general, participants in the GRE-NO condition exhibited a scrambled control mode as
they reported no use of feedback and minimal determination of the outcome. Participants in
the GRE-DEV condition showed a high reliance on cues and feedback where participants in
the CPR-NO condition ranked feedback very low and recorded the highest action score
avowing their use of a memorized plan to drive their actions. All of these findings are
consistent with predictions based on COCOM. However, inconsistent with COCOM
predictions the survey results concerning subjective time pressure were not supportive of
COCOM predictions. According to the COCOM, operators in scrambled mode have a
proclivity to perceive an enormous limit of the time for action available, however, there was
no difference between groups (F<1). The lack of a difference between groups can potentially
be attributed to the fact that the scenario length was relatively high (more than 5 minutes).
Thus the available time may have subjectively felt as being sufficient and superseded any
time pressure participants may have experienced at the start of the scenario.

4. Discussion

4.1 COCOM and JITS

The vision of the JITS framework is to provide guidance for the development of systems that
are capable of enhancing user performance as operators confront unfamiliar tasks that
require immediate intervention by a task novice. Based on the findings of the present study
there is support for the idea that the JITS accomplishes this challenge by providing adaptive
plans, cues, and feedback tailored to the user’s understanding. System flexibility is required
to adapt to dynamic contextual conditions as well as user behavior.

The basis for the COCOM-derived dependent measures reside in Hollnagel’'s mode
characteristics. Each of the subtasks when providing CPR (i.e. holding mask, placing
pads, delivering compressions) provided subtleties for control mode classification. For
example, one technique for holding the mask was the anesthesia-style hold taught in
training. This grip exemplified tactical control as it demonstrated knowledge retention
and skill.

Overall, the GRE-NO group performed 90% of their actions in scrambled mode. All 20
participants coded as scrambled overall for the scenario. Based on the fact that they had
neither skills nor knowledge to employ, there was little probability they could perform in
any other manner. The CPR-NO group demonstrated tactical control a majority of the time
(64%). However, their erroneous behavior was highlighted by 20% of their actions being
coded as scrambled and 60% of the responders failing to properly sequence the subtasks.
Examining the device groups, GRE-DEV was hypothesized to demonstrate opportunistic
control and the data of this study support that claim. Sixty-six percent of the actions of
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participants in this group were coded as opportunistic. Participants also made some
mistakes as evidenced by 30% of their actions classified as scrambled. Observation of their
performance indicated that many of the mistakes occurred early in the scenario. Anecdotal
examples include some confusion while searching for the mask, and giving compressions
with the wrong grip and compressing much more slowly than the required pace. Most
device-aided participants corrected their actions in the subsequent CPR cycles after
receiving feedback.

Trained groups using the device also demonstrated control profiles easily adapted to the
COCOM paradigm. At first glance, their training should have enabled them to demonstrate
some tactical mode characteristics. Nonetheless, the presence of the system would likely drive
their actions in the direction of opportunistic control. The question to be determined
empirically was related to the proportion of opportunistic to tactical methods. Each trained-
device group performed roughly 20% - 25% of their actions in tactical mode and more than 60%
in opportunistic. Two factors are most plausible for generating this distribution. First, the
system was explicitly designed to seize attention and engage the operator throughout the
scenario. Second, with what can be considered limited training and practice, most operators
would likely defer to the system for expertise.

In general, GRE-NO exhibited a scrambled control mode as they reported no use of feedback
and minimal determination of the outcome. GRE-DEV showed a high reliance on cues and
feedback. CPR-NO ranked feedback very low and recorded the highest action score avowing
their use of a memorized plan to drive their actions. One disappointment in the survey
results came from the time pressure scale. According to the COCOM, operators in scrambled
mode have a proclivity to perceive an enormous limit of the time available. However, due to
the length of the scenario and lack of purposeful activity, five minutes probably felt like a
long time superseding any time pressure they may have experienced at the start of the
scenario (it did to the researchers watching them struggle).

To conclude, there are many advantages to widespread deployment of such a system. The
delay in getting professional responders to the scene is well documented. Precious moments
are lost in transport. Additionally, it has been shown that even when they arrive, they are
not performing optimally. Based on the results of the present study, it clearly is possible to
develop novice supportive technology that is based on Human Factors principles. Such
technology not only will be user friendly, for example support users to use defibrillators
more effectively, but ultimately save lives.

The leading question of this work was, is it possible to identify indicators of performance that
help understand how to better design systems that provide instructions at the time when need
is greatest. Thus, after describing COCOM, we outlined the Just-in-Time Support framework,
described an implementation of this framework in the context of providing CPR, and provided
data in support of the hypothesis that human factors driven implementation of just in time
support technology can guide performance of novices.

In addition, the present work represents one of the earliest applications of COCOM to
generate dependent measures sufficiently robust for quantitative analysis. Very few
researchers attempted to test COCOM predictions in such a manner largely due to the
inchoate bounds of control modes and an inability to derive cogent measures. Stanton,
Ashleigh, Roberts, and Xu, (2001) provided the first empirical support for COCOM
hypotheses. However, the process of coding behavior was lacking some of the necessary
rigor to allow generalizable inferences based on this work.
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4.2 Conclusions

This work demonstrates in the context of a complex task that it is possible to develop Just-
in-Time Systems that are capable of instructing a task novice in performing a task at a level
that suffices in terms of outcomes. Clearly, this needs to be the main goal when the
alternative is scrambled behaviour of a person without instruction or knowledge, that is
likely to do more harm than good. In addition, there are a number of contexts where
systems that follow the guidance of COCOM in determining how to effectively guide an
operator can be of use. Among those context is certainly the use of defibrillators, and
especially systems where guidance needs to be tailored to users who due to a number of
factors (e.g., age) are not performing at the highest possible cognitive level and are in need
of support.
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1. Introduction

“Electrical storm” (ES) has been adopted as the term used to describe a period of cardiac
electrical instability manifested by recurrent malignant ventricular arrhythmias. The definition
of ES and the clinical implications of an episode have evolved as our armamentarium of
pharmacologic, device -based and interventional anti-arrhythmic therapies has broadened.
Prior to the widespread use of implantable cardioverter defibrillators (ICDs), the most
commonly accepted definition of arrhythmia storm or electrical storm was “recurrent
hemodynamically destabilizing ventricular tachycardia or ventricular fibrillation occurring
two or more times in a 24-hour period, and usually requiring electrical cardioversion or
defibrillation”. 18 An episode of electrical storm carried serious clinical consequences with an
in-hospital mortality rate of up to 14% during the first 48 hours.367. The mortality rate for an
out-of hospital episode of electrical storm can only be speculated but would of course be
similar to the 80-90% mortality rate of an out of hospital cardiac arrest”*.

Because ICDs often terminate potentially life threatening ventricular arrhythmias before any
signs or symptoms of hemodynamic instability develop, the definition of ES has been
modified and continues to be the subject of debate 128-13, Currently, the most widely
accepted definition of ES in the literature and clinical practice is the occurrence of > 3
distinct episodes of ventricular tachycardia (VT) and/or ventricular fibrillation (VF) within
a 24-hour period resulting in device intervention (anti-tachycardia pacing [ATP] and/or
shock delivery)126811-15. To qualify as electrical storm, the three episodes of ventricular
tachycardia or ventricular fibrillation cannot be continuous VT /VF in which device therapy
is unsuccessful. Some authors have assigned an arbitrary time interval, generally 5-minutes
between VT/VF episodes, as requisite in the definition of electrical storm!-15. Others have
stated that incessant ventricular tachycardia or fibrillation, in which device therapy results
in the return of even one beat of native rhythm should be included in the scope of ES,
representing the most serious form of ES 1281115,

2. Incidence and timing of ES

The majority of data regarding the incidence, timing and prognosis of electrical storm comes
from patients who have undergone ICD implantation for secondary prevention of cardiac
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arrest (table 1). Lack of a consensus definition for ES, as well as differences in ICD implant
indications, concomitant medical therapy, and follow-up periods all contribute to the
disparate reported incidence rates of 10-60% in the secondary prevention population. Using
the definition of >/= 3 VF/VT episodes in 24-hours requiring device intervention, the
incidence of ES is approximately 10-28% over a 1-3 year follow-up period when ICDs are
placed for secondary prevention of cardiac arrest!281021 From a more consistent study
population in the Multicenter Automatic Defibrillator Implantation Trial II (MADIT II), the
reported incidence of electrical storm in a primary prevention ICD population is
substantially lower at 4%13.

Author Definition Incidence Prognosis

Fries® >22VTw/1hrSR |60%, (34/57) 1 in mortality over mean follow up 3y, 26%
with ES vs 4% without ES (P < .05)

Credner® 23VT/24 hr 10%, (14/136) No 1 in mortality

Greene!? 23VT/24 hr 18%, (40/227) No 1 in mortality

Bansch's 23VT/24 hr 28%, (30/106) RR 2.17 for mortality (CI 1.35 -3.48, P = .031)

Exner!?* 23 VT/24 hr 20%, (90/457) RR 2.4 for mortality (CI1 1.3 -4.2, P = .03)

Verma® 22VT/24 hr 10%, (208/2028) | 1 in mortality (P =.001, RR not listed)

Stuber?® >3 VT/2weeks |[|24%, (51/214) 5-y survival of 67% with ES vs 91% without
ES (P=.0007)

Gatzoulis'* >23VT/24 hr 19%, (32/169) RR 2.13 for mortality (CI 1.07 - 4.24,
P =.031)

Hohnlosers 23VT/ 24 hr 23%, (148/633) No 1 in mortality

Arya?® >3 VT/ 24 hr 14%, (22/162) N/A

Brigadeau?! >2Sep VT/24hr |40%, (123/307) No 1 in mortality

Sesselberg!3t >3VT/ 24 hr 4%, (27/719) RR 7.4 for mortality (CI 3.8 -14.4, P<.01)

*Secondary prevention population - AVID trial.

tPrimary prevention population - MADIT II.

SR, sinus rhythm; VT, ventricular tachycardia; hr, hour; Sep, separate; RR, relative risk; CI, confidence
interval

Table 1. Incidence and Prognosis of Electrical Storm.

The time from ICD implant to first episode of electrical storm varies among published
reports. This heterogeneity of timing likely stems from differing device indications, cardiac
substrate, and adjuvant medical therapy. In the series by Credner et al among patients
whose ICDs were implanted for secondary prevention, 10% experienced electrical storm at a
mean follow-up time of 4.4+/-4.5 months. This is the earliest reported time period from ICD
implant to ES, but was similar to that of ICD implant to first appropriate device therapy of
4.1+ /-4.8 months in this series. Among 457 patients who received an ICD with advanced
storage capability in the secondary prevention trial Antiarrhythmics Versus Implantable
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Defibrillators (AVID), the incidence of storm was 20% with the initial episode occurring
9.2+/-11.5 months after ICD implantation!2. A sub-study of the MADIT II trial, which
represents the largest database to analyze ES in a primary prevention population, reported a
4% incidence of ES at a mean time of 11.1+/-9.4 months?3.

Frequent episodes of ventricular tachycardia can occur in the peri-operative period
following ICD implantation. This was seen more commonly with open thoracotomy
placement of epicardial patch electrodes than with newer transvenous ICD systems. The
etiology of this peri-operative electrical instability is likely myocardial inflammation and
treatment with standard anti-arrhythmic therapy is often ineffective?2-24. An early increase in
the incidence of ventricular arrhythmias has been reported in some patients with cardiac
resynchronization devices. The mechanisms are as yet unclear but have been speculated to
be related to increased dispersion of repolarization as well as gradients of concealment from
differential ventricular pacing.25-26

3. Causesltriggers and risk factors for electrical storm

Among published reports an acute cause or trigger for electrical storm was identified in the
minority of episodes. Even an exhaustive search for an acute cause may prove fruitless in up
to 80% of patients.3 The Shock Inhibition Evaluation with Azimilide (SHIELD) trial
assessed the effects of azimilide on the frequency of device therapies in ICD patients. A
precipitating cause for ES was found in only 13% (19/148) of storm patients in the SHIELD
trial. The causes for ES were new or worsened congestive heart failure in 9% (13/148) and
electrolyte disturbances in 4% (6/148)!8. The usual suspect factors for precipitation of
arrhythmias, such as electrolyte imbalance, ischemia, congestive heart failure (CHF)
exacerbation and medication noncompliance, etc. have been reported with variable
frequencies.!2612-18 In a restropective review of 40 secondary prevention patients with a total
of 61 electrical storms, Greene et al. reported no identifiable cause in 29%, new or worsened
CHF in 15%, medication non-compliance or adjustment of antiarrhythmic medication in
20%, psychological stress in 10%, post-ICD placement in 13% and excess alcohol use in 8%.18
The reported 70% identification of an acute cause in this series is disparate from the larger
published trials but does point out the need to take a thorough history when presented with
a storm patients to effectively treat the current storm episode and prevent further ES.

Of equal importance to recognizing acute precipitants of storm is identifying factors that
would increase the risks for developing repetitive malignant arrhythmias in ICD patients.
Secondary analysis of the MADIT 1I trial revealed that patients who had post-enrollment
coronary events (myocardial infarction or angina) were 3.1 times more likely to experience
electrical storm.13 In fact, 7 (26%) of 27 patients with ES suffered an ischemic event within 4
weeks of their initial storm episode. Renal insufficiency was associated with a 2.1-fold
increase in risk for electrical storm in the primary prevention MADIT II trial and has been
associated with increased risk in secondary prevention populations!32! The clinical variable
most strongly associated with development of ES among MADIT II patients was an interim
post-enrollment arrhythmic event in the form of isolated ventricular tachycardia or
ventricular fibrillation. Of the patients who experienced electrical storm during follow-up,
52% of them had a prior isolated arrhythmic event. These patients were 9.1 times more
likely to experience electrical storm than patients without these isolated tachyarrhythmias.13
Although interim hospitalization for congestive heart failure was predictive of appropriate
device therapy for VT/VF in the MADIT II trial, it was not predictive of electrical storm.1327
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Data investigating acute causes of and risk factors for development of ES have often
grouped together diverse patient populations with an array of cardiovascular substrates,
degrees of CHF, revascularization status, ischemic burden, medical therapy and so on.
Because of this, the literature to date is far from comprehensive or conclusive, but does
imply that storm is the result of a complex interplay between a predisposing
electrophysiological substrate and acute alterations in autonomic tone and cellular milieu.
Dynamic progression of the underlying myocardial substrate through progressive tissue
fibrosis, ischemia and/or ventricular remodeling can manifest as an isolated
tachyarrhythmic episode heralding future electrical storm. The critical role of increased
sympathetic activity in precipitating storm is substantiated by the temporal relation to
worsening CHF, concurrent medical illness and emotional stress. 1.26811-13,

4. Arrhythmias and ICD therapies during electrical storm

The majority of storm episodes (86-97%) are caused by monomorphic ventricular
tachycardia. VF alone accounts for 1%-21% of ES, mixed VT /VF 3%-14% and polymorphic
VT 2-8%.126821 As illustrated in table 2, there is an extremely variable distribution in the
number of tachycardias per episode of storm, as well as the number and types of therapies

StudyA ES Arrhythmias No. of VI/VF episodes ES Therapies
per ES
Fries? Majority VT, percentages NA 43% with ATP only, 25% ATP
not listed and shock, 23% shock only
Credner® 64% VT, 21% VFE, 14% Mean =17 £ 17 (range, 3 NA
VT+VF to 50)
Greenel” 97% VT, 3% pVT Mean =55 £ 90 (range, 4 | 23% with ATP only, 77% ICD
to 465) shock + ATP
Bansch'> 86% VT, 8% pVT/VF, 4% | Median =19 (range, to NA
VTs with various morph. 440)
Exner!? 186% VT, 14% VF or Median = 4 (range, 3 to | 46% shocks only, 28% ATP only,
VT+VF 14) 26% shocks and ATP
Verma2 52% VT, 48% VF NA 5 + 5 shocks
Stuber?6 93% VT, 7% pVT Median = 8 (range, 3 to | 31% ICD shock only, 19% ATP
1200) followed by shock, 50% ATP
only
Gatzoulis™ NA NA ATP 21 + 33 per ES episode
Shocks 8 + 4 per ES episode
Hohnloser'® | 91% VT, 8% VT+VF,1% | Median =5 (range, 3 to 7% ICD shock only, 70% ATP
VF 11) only, 23% shocks and ATP
Brigadeau?! | 90% VT, 8% VF, 2% pVT Range =2to > 15 18% shocks only, 26% ATP only,
56% shocks and ATP
Sesselberg!3 78% VT, 22% VF NA NA

VT, ventricular tachycardia; pVT, polymorphic ventricular tachycardia; VF, ventricular fibrillation;
ATP, anti-tachycardia pacing

Table 2. Arrhythmias and Therapies During Episodes of Electrical Storm.
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delivered. The clinical presentation of storm can range from repetitive hemodynamically
destabilizing episodes of VT/VF requiring multiple ICD shocks to asymptomatic
tachycardias that are treated by ATP and discovered retrospectively through outpatient ICD
interrogation. Whether patient outcomes are influenced by the clinical manifestations and
therapies delivered during an episode of storm is unknown.1268-21

Verma et al?0, reported a significant correlation between the initial arrhythmia that led to
ICD implantation and the arrhythmia responsible for ES. Among patients whose ICDs were
placed for prior VT, 64% of ES episodes were caused by VT compared to only 28% by VF.
For those patients whose ICDs were placed for prior VF, 45% of ES episodes were caused by
VF and only 14% by VT.20 Analysis of MADIT II patients with electrical storm revealed
similar findings. Of 12 patients who had a prior episode of VT, 11 subsequently had VT as
their initial rhythm in their ES. Patients with a prior isolated episode of VF also had this
rhythm as their initial rhythm in the first ES.13.20 The predilection for patients with coronary
artery disease (CAD) and previous VT to have storm caused by monomophic VT, taken
together with the influence of storm on future survival (discussed later), raises the question
as to whether medical therapy alone is an aggressive enough strategy for prevention of ES in
patients with ischemic cardiomyopathy who experience appropriate ICD therapies for VT.
Whether or not more definitive substrate modification with re-vascularization or catheter
ablation of VT in select patients may prove an effective means of reducing long-term
morbidity and mortality in patients with a history of ES or those at significant risk for future
storm awaits further data specifically addressing this topic.

5. Prognosis and clinical implications of ES

While we appear to have adequate pharmacologic and non-pharmacologic measures to help
bring an end to the series of arrhythmic events, the mortality associated with these electrical
storms is nevertheless very high in carefully analyzed data that include larger numbers of
patients with sufficient follow-up. In the AVID trial?, 34 (38%) of the 90 patients with ES
died during follow-up, compared to 15% of those with VT /VF in the absence of ES, and 22%
among the remaining patients. Electrical storm was independently associated with a 2.4-fold
increase in the risk of death overall (figure 1). Many of the deaths occurred early with a
mortality risk that was 5.4-fold higher during the first 3-months following ES (figure 2). 12
Among patients who received an ICD for primary prevention reasons in MADIT 1I, those
with electrical storm had a 7.4 fold higher risk of death compared to those without treated
arrhythmias (figure 1). Once again, early mortality post ES was very prominent, with a 17.8
fold increased risk of death during the first 3 months. Although mortality risk persisted after
the initial storm event, this risk was somewhat attenuated, with a relative risk of 3.5 after 3
months (figure 2).13 Differing from AVID, patients in MADIT II with isolated VT/VF
episodes were also at an increased risk of dying with a hazard ratio of 2.5.1213 However,
patients in MADIT II with ES still had 2.9 fold increased risk of death when compared to
those with VT /VF in the absence of ES. Once a patient had a storm event, the mode of death
differed from those patients with isolated VT/VF or no arrhythmic events. The rate of non-
sudden cardiac death was significantly higher for those with ES (23%) compared to those
with isolated VI/VF (8%) and no recorded ventricular arrhythmia (5%). Storm patients
were more likely to suffer an ischemic-mediated event (myocardial infarction or angina) as
compared to patients without ES. Finally, once storm occurred, the incidence of a recurrent
storm episode was 2.3%, 4.7% and 6.2% for years 1, 2 and 3, respectively.13
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Electrical Storm
Prognosis/Mortality

p=0.003
* AVID (RR24,1.3-42) —

* MADIT II (RR 7.4, 3.8-14.4)

RR (95% CI)

Exner DV Circulation 2001;103: 2066-2071
Sesselberg HW Heart Rhythm;2007;4: 1395-1402

Electrical Storm
Early vs. Late Mortality Risks

AVID RR (95% CI) p
< 3 mo. post storm 5.4(2.4-12.4)

> 3 mo. post storm 1.9 (1.0-3.5)

MADIT II RR (95% CI) 4
< 3 mo. post storm 17.8 (8-39.5) <0.01

> 3 mo. post storm 3.5(1.2-9.8) 0.02

Exner DV Circulation 2001;103: 2066-2071
Sesselberg HW Heart Rhythm;2007;4: 1395-1402
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Analysis of these larger trials consistently indicates that in both populations of primary and
secondary prevention indications for ICD implant, ES presages mortality, mostly due to
non-sudden cardiac causes.1213 It is clear that the very immediate mortality associated with
ES is not high suggesting that the acute management strategies are relatively
successful 1271121 However, the subsequent mortality is very high and often due to non-
arrhythmic causes.’’13 The initial few months following an episode of electrical storm
appear to be a critical window for close monitoring and therapeutic intervention targeting
not only the potential arrhythmic causes, but all cardiac issues.1213 Whether it is the
progressive worsening of the substrate or the additive adverse effects of the armada of
medical therapy that these patients are placed on (more likely a combination of these) that is
the culprit for the substantially higher mortality is unclear.

The role of the shocks themselves as contributing to myocardial injury and inflammation or
even remodeling should not be overlooked. Patients who receive multiple ICD shocks can
have detectable troponin elevations consistent with myocardial injury.12.12 2829 Pathological
changes including contraction band necrosis, vacuolar cytoplasmic clearing and myocyte
loss have been visualized on myocardium under patch electrodes in patients who have
experienced multiple defibrillations.?931 Myocardial injury or stunning from recurrent
defibrillations may activate the neurohormonal cascade responsible for worsening heart
failure and ultimately cardiovascular mortality. 1-27.11,27,31-34

6. Treatment of ES

The treatment of electrical storm entails:

i. Promptly identifying and treating precipitating causes or triggers such as drug
toxicities, electrolyte imbalance or acute myocardial ischemia.1-235

ii. Attempting to understand the underlying cardiovascular substrate for incessant
ventricular arrhythmias (ischemia, decompensated heart failure, pause dependent
polymorphic VT, etc.).1.235

iii. Suppressing the ventricular arrhythmias via pharmacologic, device related or
interventional mechanisms.1235

iv. Establishing a therapeutic regimen with frequent follow-up visits in an effort prevent
further ES and mortality in the early vulnerable period.!-2

Electrical storm can be a highly-charged clinical situation associated with significant patient

anxiety and discomfort, which further elevates sympathetic tone, and leads to an even

greater propensity for ventricular arrhythmias.l4 The cornerstone of immediate therapy is

sympathetic blockade accomplished by the use of intravenous (IV) beta-blocking agents

combined with sedatives, usually benzodiazepines.l47. 22 35 A beta-one selective agent is

often used first, but if ineffective, a nonselective beta-blocker such as propanolol can be

substituted. 123537 For highly symptomatic patients, intubation and anesthesia may be

necessary and even therapeutic.1-238-39 Successful sympathetic manipulation via left stellate

ganglionic blockade has been reported in post-myocardial infarction (MI) patients with

electrical storm. 40

In patients with ICDs, device reprogramming may be necessary. Overdrive pacing by

increasing the lower rate limit of the ICD may be effective in preventing further electrical

storm, particularly when ventricular arrhythmias are pause-dependent or involves tissue

automaticity.1714 While the addition of anti-tachycardia pacing (ATP) will not eliminate the

VT trigger, a significant percentage of monomorphic VT can be successfully terminated by
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ATP, reducing the anxiety, discomfort and increased sympathetic tone associated with
recurrent ICD shocks.1-241 For patients with single chamber defibrillators, consideration can
be given to addition of an atrial lead or even upgrade to cardiac resynchronization therapy.
These modifications may allow for up-titration of heart failure and anti-arrhythmic therapy.
As will be discussed later, in appropriately selected patients, cardiac resynchronization
therapy (CRT) with a bi-ventricular implantable cardioverter defibrillator (CRT-D) may
reduce the incidence of electrical storm.42

The instinct to push anti-arrhythmic agents must be restrained, because with the exception
of amiodarone, there is little evidence of benefit and the potential for pro-arrhythmia.l-4735
In the absence of significant electrolyte imbalance or drug-induced prolonged QT syndrome
with polymorphic VT, amiodarone is often the anti-arrhythmic agent of choice for treatment
of ES, with demonstrated benefit in multiple clinical studies.24¢ The efficacy of intravenous
amiodarone in ICD patients with storm is also supported by case series.1417 If the
combination of intravenous amiodarone and beta-blockers does not suppress ES, the
addition of lidocaine is sensible.1214 Certain clinical entities such as electrical storm in the
setting of Brugada syndrome are often heart rate sensitive and can be suppressed by using
isoproterenol to increase the sinus rate. Isoproterenol infusion has also been used to
suppress the VF triggers during electrical storm in patients with Idiopathic VF-43-44

Once a patient’s arrhythmias have been suppressed, the focus should shift towards
evaluation for and treatment of changes in the underlying cardiovascular substrate such as
worsening ischemia or heart failure and reduction in left ventricular ejection fraction
(LVEF).12812 Larger scale trials have demonstrated that the first few months, post-ES are a
critical window for intervention.1-21213 Diligent implementation and augmentation of
therapies with proven mortality benefit in similar patient populations is mandatory.
Standard heart failure therapy, particularly beta-blockers should be maximized.
Revascularization clearly has a role in preventing sudden cardiac death and reducing the
ability to induce ventricular fibrillation and polymorphic ventricular tachycardia. Patients
with inducible or spontaneous monomorphic VT do not respond as well to
revascularization, likely due to a more scar based substrate rather than direct membrane or
channel instability.4546 For these patients, aggressive anti-tachycardia pacing should be
utilized in an effort to reduce shock burden in the VT zone.12841 The relative benefits and
risks of long-term anti-arrhythmic therapy versus catheter ablation of ventricular
tachycardia must be weighed. The recently released Substrate Mapping & Ablation in Sinus
Rhythm to Halt Ventricular Tachycardia (SMASH-VT) study showed promising results for
the ability of substrate mapping to reduce ICD therapy in patients with ischemic
cardiomyopathy.#” However, success rates for catheter ablation for VT can vary based on the
substrate and the experience of operators which are factors that need to be taken into
consideration (some are difficult to control for). As this promising therapy evolves, it will
likely be utilized earlier in the clinical course for patients who receive appropriate ICD
therapy. 4749

7. Cardiac resynchronization therapy and ES events

Cardiac resynchronization therapy has been reported to halt ES events in some patients and
yet it has also been reported to induce ES in others. In patients who present with ES, cardiac
resynchronization therapy in a qualified patient, i.e,, widened QRS duration, advanced
heart failure and depressed left ventricular function, has been shown to resolve the



Electrical Storm in the Era of Implantable Cardioverter Defibrillators 139

arrhythmic events.50-52 Paradoxically, there also has been several case reports of ventricular
arrhythmia storm post cardiac resynchronization therapy, either de novo implants or
upgrades.>*55 The mechanism of arrhythmia storm has been speculated to be related to the
heterogeneous transmural repolarization across the ventricle56 and possible concealment
related to left or bi-ventricular pacing. The programmed pacing from the left ventricular
lead of the resynchronization device has been reported to reinitate reentrant ventricular
tachyarrhythmias by concealment into a potential VT circuit antidromically setting up
conditions allowing for propagation of the wavefront orthodromically within the VT
circuit.5

It appears that there are specific subsets of patients whose myocardial substrates are more
susceptible to proarrhythmic effects related to biventricular pacing. Possibly, premature
ventricular contractions (PVC’s) that occur during or with biventricular pacing may alter the
conduction characteristics and/ or the repolarization process sufficiently to set up conditions
such as concealment that create sufficient ventricular heterogeneity for arrhythmogenesis.
Particular risk factors for these events are as yet unclear and further work is needed for
further elucidation. In these patients, it is worthwhile programming the left ventricular
pacing off, even if the patient may be pacing dependent. Further intervention can be
pursued, whether pharmacologically or non-pharmacologically to modify the substrate.
Care providers should also be mindful that the implanted lead(s) may be the culprit serving
as the origin for arrhythmia and lead extraction/revision will need to be considered in these
cases.

Retrospective data have suggested in a non-randomized population, cardiac
resynchronization therapy does not actually result in an overall higher incidence of
ventricular arrhythmia storm.® These data have limited validity due to it nature of
uncontrolled population and varied underlying pathology. The availability of more robust
data from randomized clinical trials will be better equipped to address whether or not
cardiac resynchronization therapy is actually related to an increased incidence of ventricular
arrhythmia storm. The Multicenter Automatic Defibrillator Implantation Trial-Cardiac
Resynchronization Therapy (MADIT-CRT) randomized patients with mild congestive heart
failure (NYHA Class I-1I), LVEF <30% and widened QRS duration (>130 msec) to either
CRT-D or non-resynchronization ICD device implants. The results from this prospectively
randomized trial have not detected an overall proarrhythmic effect related to CRT therapy
vs. ICD.% In fact, these results reveal patients who are responders to CRT, i.e. patient with
improved heart failure status and echocardiographic parameters, experienced a lower
incidence of ventricular tachyarrhythmia overall.60

8. Ablation therapy for ES events

When electrical storm is persistent or even refractory to drug therapy, catheter ablation
should be pursued as appropriate. Ablation strategies utilizing entrainment mapping to
identify critical isthmus as well as scar substrate modification have been demonstrated to be
effective in reducing arrhythmic events acutely and chronically. Catheter ablation was
utilized as an urgent treatment strategy in a study comprising of 95 consecutive patients
who presented with recurrent or incessant ventricular arrhythmia and ICD shocks. The
patients were already on aggressive antiarrhythmic medical therapy, including 94% on
amiodarone. Successful ablation of the ventricular arrhythmia, defined as suppression of
any further inducible VT, was achieved in 68 of the 95 patients after more than one ablation
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procedure. At a median follow-up of 22 months, none of these patients had further ES, and
the mortality rate was 9%. In contrast, failure to suppress the clinical VT occurred in 10 of 95
patients and was associated with recurrent ES in all and a 40% rate of cardiac mortality.6!
Catheter ablation success is often defined by the underlying arrhythmic substrate. Catheter
ablation may also be effective in reducing drug refractory ES episodes in which VF was
repeatedly precipitated by ventricular premature contractions originating from either the
left or the right ventricle.62 However the data for this is not as abundant as the strategy of
circuit mapping and elimination of reentrant pathways.

There is now accumulating data that suggest earlier intervention may lead to a higher
degree of success. SMASH-VT#” and the Ventricular Tachycardia Ablation in Addition to
Implantable Defibrillators in Coronary Heart Disease (VTACH) trial®® have shown that
early intervention even prior to any clinical ICD appropriate VT therapy can be delayed
with successful VT substrate modification by ablation. In a recent study comparing the
outcome of patients undergoing VT ablation, a group of patients receiving more
appropriate ICD therapy and higher doses of amiodarone prior to successful ablation had
a higher risk of further ICD therapy and a need to continue more aggressive medical
therapy, as compared with those with less ICD shocks and lower doses of amiodarone
needed prior to referral for ablation.t4 Furthermore, there was also a more favorable short-
term (1 year) VT-free survival rate in the group being referred for catheter ablation with
less advanced arrhythmic conditions. This study included some patients with ES but not
all presented with ES.

Elimination of critical isthmuses of most or all potential circuits appears to be important in
the suppression of continually inducible ventricular tachycardia and associated with
improved patient outcome. This in turn, would logically be related to the extent of
underlying myocardial disease. Therefore, the success of the ablation may be, at least in
part, linked to the degree of myocardial scarring contributing to the arrhythmic substrate
and beyond the technical and knowledge limitations of current ablation procedures. This
again stresses the importance of early intervention where the acute success rates for ablation
and short-term outcome may be higher. Catheter ablation holds the promise of successful
substrate modification in the high-risk patients with ES with short-term outcome in
reducing the rates of VT and ICD therapy and yet, data demonstrating an improved patient
survival in any randomized fashion is still lacking.®5

9. Conclusions and future directions

Electrical storm is now a well recognized clinical entity among patients with ICDs.
Hopefully with more data based on less heterogeneous ICD populations and with
continuing careful scrutiny, we may better understand the precipitating causes and
exacerbating factors that lead to these malignant ventricular storms. Of additional
importance is that we continue to explore the nature of ICD device programming and the
interaction between the type of ICD therapy delivered and future prognosis. Recent data
gathered from large ICD populations suggests that the type of therapy delivered ATP vs.
ICD shocks may influence future mortality.6667 While the occurrence of an electrical storm
episode may indicate a changing or worsening cardiovascular substrate, the addition of
multiple shock therapies to an already vulnerable cardiovascular milieu could lead to
myocardial stunning and further activation of the neurohormonal cascade responsible for
adverse electrical and ventricular remodeling. Further research is needed to explore
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methods to decrease ventricular arrhythmia burden and to delineate appropriate ICD
programming for effectively treating ventricular arrhythmias while minimizing the ICD
shock burden to patients.

Electrical storm is a critical cardiac condition which demands aggressive intervention. Initial
antiarrhythmic therapies need to be followed by a careful and thorough evaluation of the
entire cardiac status. With the current treatment armamentarium, immediate mortality can
often be averted, but the accompanying high early mortality post-ES calls for aggressive
substrate modification aiming at maximized CHF and arrhythmia management as well as
reduction of the possible ischemic burden.”11.12 Prophylactic measures such as pre-emptive
VT substrate modification with ablation or medication hold promise but remain to be
established in large series.
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1. Introduction

Post-infarction patients with severe left ventricular dysfunction are at high risk of sudden
cardiac death. Antiarrhythmic therapy does not improve survival in such patients and,
therefore, implantable cardioverter defibrillators (ICD) emerged as treatment of choice for
both primary and secondary prevention of mortality after myocardial infarction (MI). The
MADIT (Multicenter Automatic Defibrillator Implantation Trial) (1), and MUSIT
(Multicenter Unsustained Tachycardia Trial) trials (2) were the first primary prevention ICD
trials documenting a substantial reduction in mortality with an ICD in postinfarction
patients with depressed ejection fraction, nonsustained ventricular tachycardia, and
inducible sustained ventricular tachycardia. The MADIT II trial broadened the indications
for prophylactic ICD use in post-infarction patients with ejection fraction of 30% or less
without a requirement for additional risk stratification (3). The benefit from ICD therapy in
patients with low ejection fraction was recently confirmed by results from the SCD-HeFT
(Sudden Cardiac Death in Heart Failure) (4) and COMPANION (Comparison of Medical
Therapy, Pacing, and Defibrillation in Heart Failure) trials (5).

2. Triggers of ventricular arrhythmias

Most investigations failed to reveal a transient cause for the development of ventricular
arrhythmias in the majority of patients with severe left ventricular dysfunction. Singh et al.
showed that among a comprehensive list of baseline clinical, echocardiographic, and
electrophysiological variables in the MADIT-II study, more symptomatic patients (NYHA
functional class >II) with blood urea nitrogen (BUN)>25 mg/dl, and no beta-blocker use are

* Pasquale Santangeli, Ghaliah Al-Mohani!, Antonio Dello Russo!, Francesco Perna?, Stefano Bartoletti?,
Joseph Gallinghouse, Luigi Di Biase, Andrea Natale and Claudio Tondo!

Texas Cardiac Arrhythmia Institute at St David’s Medical Center, Austin, TX, USA

ICardiac Arrhythmia Research Centre, Centro Cardiologico Monzino IRCCS, Milan,

2Catholic University of the Sacred Heart, Rome,

Italy



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

at a higher risk for first appropriate ICD therapy and death (6). Several data suggest that
transient triggers (ischemia, heart failure, hypokalemia) may cause such events in a
substantial proportion of patients. Ventricular premature Beats (VPB) have been found to
trigger ventricular tachycardia (VT) especially in the setting of structural heart disease (7).
Psychological stress may also be an important trigger. The impact of sympathetic activity on
electrical instability is corroborated by the finding of a decreased baroreflex sensitivity in
patients with clinical VT (8,9). In this chapter, we report the prevalence and clinical
relevance of ventricular arrhythmias due to a transient arrhythmia triggers in patients with
ischemic dilated cardiomyopathy undergoing primary prevention ICD implantation.

3. Methods

We collected data of 31 patients with ischemic cardiomyopathy (age 738 years, 25 males)
who experienced the first arrhythmic event, defined as appropriate ICD intervention on
sustained VT or fibrillation (VF), after the implantation of an ICD according to MADIT-II
criteria (i.e. LVEF < 30%). Patients were enrolled in our Institution between 2006 and 2008.
All ICDs were uniformly programmed. Stored electrograms and ICD data disks from the
included patients were reviewed by two expert electrophysiologists. Episodes of
spontaneous sustained VT that were terminated by anti-tachycardia pacing or direct-current
cardioversion were identified. VF was defined as a rapid, disorganized rhythm with
variable cycle length, morphology, and amplitude of the electrogram with difficulty in
precisely identifying all activation complexes. Polymorphic VT was diagnosed when
electrograms displayed a ventricular tachycardia with almost constant amplitude but with
variability in the cycle length and/or morphology of the electrograms. Monomorphic VT
was defined as a ventricular tachycardia with a uniform beat-to-beat cycle length and
electrogram morphology.

Transient arrhythmia triggers were assessed at the time of the arrhythmic event by means of
a complete clinical and laboratory evaluation, including serum electrolyte assessment,
echocardiography and coronary angiography in all patients. Patients whose VI/VF was
associated with a transient or correctable cause were classified by two independent and
blinded investigators into: acute myocardial ischemic event (including myocardial infarction
or unstable angina), proarrhythmic drug reaction, worsening of heart failure, electrolyte
imbalance (hypokalemia or hypomagnesemia) or other causes.

Continuous variables are presented as mean * standard deviation, whereas categorical
variables are presented as number and percentages. Comparisons between groups were
performed with the two-tailed t test for continuous variables and chi-square test for discrete
variables. A probability (p) value <0.05 was considered statistically significant. Analyses
were performed with the PASW 18.1 statistical software (SPSS Inc.).

4, Results

Baseline characteristics of the patients included in the study are summarized in Table 1. All
patients had ischemic cardiomyopathy and the mean left ventricular ejection fraction was
28% + 5%. Overall, 19 (61%) patients had ICD shock, either on VT (10/19, 53%) or on VF
(9/19, 47%). The remaining 12 (39%) patients experienced effective ATP on VT. The mean
time from ICD implantation to the ICD intervention was 23 + 16 months.
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Characteristics
Total number 31
Age, years 73+8
Sex, males 25 (81)
Age at implant, years 70+ 8
Type of ICD, n (%)
Dual-chamber 25 (81)
Single-chamber 6 (19)
Sinus Rhythm, n (%) 23 (74)
Atrial Fibrillation, n (%) 8 (26)
Risk factors, n (%)
Smoke 6 (19)
Hypertension 8 (26)
Diabetes 10 (32)
Hypercholesterolemia 12 (39)
Drug Therapy, n (%)
Beta blockers 30 (97)
ACE-Inhibitors 31 (100)
Diuretics 17 (55)
Statins 28 (90)
Left ventricular EF, % 28+5
NYHA functional class 24+07
Creatinine, mg/dL 1.4+04

Table 1. Baseline clinical characteristics of the study patients.

The mean time from ICD implantation to the first arrhythmic event was 24+16 months. The
first arrhythmic event consisted of VF in 9 (29%) and sustained VT in 22 (71%) patients, of
which 10 treated with an ICD shock and 12 with effective anti-tachycardia pacing. No
significant differences in baseline characteristics were found between patients with different
types of ICD intervention. A transient or correctable trigger for the arrhythmic event was
identifiable in 9 (29%) patients and consisted of worsening heart failure in 5 (16%), clinical
and angiographic evidence of acute ischemia in 3 (10%) and electrolyte abnormalities (i.e.
hypokalemia) in 1 (3%). Ventricular fibrillation was more often associated with a transient
trigger compared with sustained VT (67% vs. 14%, respectively, p=0.007). Interestingly, all
three patients with acute ischemia as a trigger had VF as arrhythmic event.
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5. Discussion

A number of well-known precipitating factors significantly increase the electrical instability
of the heart. Among them, exacerbation of heart failure is one of the most important trigger
factor suggesting that arrhythmia may simply be a marker of already-worsening HF. In our
study worsening heart failure constituted 16% of cases. Previous analysis of the SCD-HeFT
data (10) showed findings similar to those of the MADIT-II study. In the SCD-HeFT study,
33% of HF patients received an ICD shock, and among those patients, the most common
cause of death was progressive HF (10,11). Myocardial ischemia is important factor. In this
study, there were three patients in whom myocardial ischemia was proven to be the trigger
for electrical instability and presented with VF as arrhythmic event. VF and myocardial
ischemia are inseparable. Presence of one precipitates and perpetuates the other. Transmural
heterogeneities in myocardial action potential and ionic currents produce transmural
asymmetry in conduction during acute ischemia. Acute transmural ischemia depresses the
excitability and velocity of conduction more rapidly in the epicardium than in the
endocardium leading to increased dispersion. The occurrence of potentially lethal
arrhythmia is the end result of a cascade of pathophysiological abnormalities (12-14). Other
triggering factors include the development of electrolyte disturbances such as profound
hypokalemia, which was demonstrated in one of our patients. Electrical instability is
enhanced upon patients in whom drug treatment for congestive heart failure often acts to
further increase electrolyte disturbances.

6. Clinical implication

The ICD has become the therapy of first choice to prevent sudden cardiac death in high-risk
patients. Our study also supports the well-understood clinical notion that continued clinical
vigilance toward preventing heart failure exacerbations and coronary events might decrease
the risk of sudden cardiac death and ICD therapy in these patients. Interestingly importance
of heart failure deterioration (i.e,worsening of clinical status) suggests that this subset of
patients have a wider margin to deteriorate and have additional predictive value as a
determinant of ICD therapy. This also supports the evidence that in sicker heart failure
subjects, the cause of death is more likely owing to pump failure. These results are
corroborated by recent studies that show that preventing progression of heart failure with
cardiac resynchronization therapy reduces the incidence of arrhythmic events (15,16).

Acute myocardial ischemia in high risk patients is arrhythmogenic, often leading to fatal
outcome in the clinical setting. The arrhythmic outcome of an event between trigger and
substrate differs. Genetic predisposition and governing responses of ion channels to
myocardial ischemia might have a greater role than what is known at present. Efforts to
understand these arrhythmias better can do early identification of patients with myocardial
ischemia prone to arrhythmias. One of the most important aspects of the current study
relates to potential prognostic implications of triggers. At present, there is a paucity of
information on this clinically important issue.

Finally, in interpreting our results, it must be recognized that not all triggers causing
arrhythmias appropriate ICD shocks for VI/VF would have been detected, and further
identification of clinical triggers may help us to higher surveillance and vigilance of possible
triggers to avoid primary shock that further deteriorate mortality and heart failure
progression, increase in sympathetic tone that may give rise to proarrhythmic side effects of
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antiarrhythmic drugs may also constitute a precipitating factor for recurrent ventricular
tachycardia or fibrillation.

7. Conclusion

Due to the increasing number of patients with severe left ventricular dysfunction, further
studies are needed to optimize priority of such patients for ICD therapy. Optimal
pharmacologic and anti-ischemic (CABG, percutaneous transluminal coronary angioplasty)
therapy, accurate and rapid correction of electrolytes disturbances are essential for proper
prevention of shock and mortality in addition to ICD therapy.
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1. Introduction

In its most recent assessment, the American Heart Association (AHA) estimated that in the
United States alone there were 5.8 million people with heart failure (HF) in 2006 (Lloyd-
Jones, Adams et al. 2010). HF is further estimated to be affecting 23 million people
worldwide (McMurray, Petrie et al. 1998). Sudden cardiac death (SCD) is the cause of 28-
68% of all mortalities in heart failure patients, the majority of which is due to ventricular
tachycardia (VT) or ventricular fibrillation (VF) (Engelstein ED 1998). Implanted
cardioverter-defibrillators (ICDs) have been used for nearly 30 years to effectively stop VT
or VF, thereby significantly improving sudden cardiac arrhythmic death outcomes in high
risk patients (DiMarco 2003). Despite the major success of ICDs, implanted patients continue
to experience VT and VF episodes and a range of possible side effects that make it desirable
to use ICDs only in situations where necessary.

Anti-arrhythmic drugs are used to reduce the frequency of ventricular arrhythmias in
patients with frequent ICD shock. They reduce the ventricular rate of VT so that there is
better hemodynamic tolerance and more responsiveness to termination by anti-tachycardia
pacing or low energy cardioversion. These drugs also suppress other arrhythmias that cause
symptoms or interfere with ICD function and cause "inappropriate" shocks (which may
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occur in up to 29 percent of ICD patients with substantial impact on their quality of life)
(Knilans and Prystowsky 1992; Steinberg, Martins et al. 2001). These "inappropriate" shocks
are caused by a variety of arrhythmias including sinus tachycardia, atrial fibrillation, and
nonsustained ventricular tachycardia (Pacifico, Hohnloser et al. 1999; Nanthakumar,
Paquette et al. 2000). However, anti-arrhythmic drugs are not always well tolerated.
Ultimately, ICD patients are expected to have further arrhythmic episodes and experience
ICD shocks which, along with the risks of discharge and “inappropriate” shock, can
significantly and adversely affect the patients” quality of life. Therefore, it is essential to find
ways to prevent recurrent episodes of arrhythmias that lead to VT and VF.

Since the first observation of low risk of cardiac death in the study of Greenland Eskimos
(Kromann and Green 1980) with high intakes of Omega-3 polyunsaturated fats (PUFAs)
from sea mammals and fish, Omega-3 PUFAs have been suggested to have potential
beneficial anti-arrhythmic properties (Burr, Fehily et al. 1989; Armstrong, Wieland et al.
1994) and hence have been considered for the treatment of high risk patients with
arrhythmias (especially those at immediate risk, i.e. VI/VF patients). ICD patients, are high
risk individuals and have been of particular interest in clinical trials investigating the effects
of PUFAs on ventricular arrhythmias. Because ICDs are capable of terminating arrhythmias
and recording their occurrence and their specific types, the risk of mortality is greatly
reduced and the end point which might have resulted in death is averted. Therefore, such
studies also have the potential to allow for a crossover design (Leaf, Albert et al. 2005; Raitt,
Connor et al. 2005; Brouwer, Zock et al. 2006).

But, are Omega-3 PUFAs an appropriate, effective, and sustainable treatment for averting
VT and VF?

Randomized controlled trials in ICD patients have produced powerful and illuminating
data regarding the role of this dietary supplement and could potentially have much to offer
for other dietary and lifestyle intervention trials.

2. Ventricular fibrillation and fish

Sustained ventricular arrhythmias, which include VT and VF, are the most common cause of
sudden cardiac death (SCD) and are hence considered the most relevant endpoint in regards to
the harder SCD endpoint when assessing their occurrence using ICDs (Engelstein ED 1998).
Over the last 6 years, 3 double-blind, placebo controlled, randomized studies have been
published that used fish oils in patients with ICDs to observe time to first ventricular
arrhythmia event post ICD implantation (Leaf, Albert et al. 2005; Raitt, Connor et al. 2005;
Brouwer, Zock et al. 2006). None of these trials successfully demonstrated whether or not
Omega-3 PUFA supplementation has any preventive effects in ICD patients. These studies
were first summarized in a meta-analysis by Jenkins et al. (Figure 1) in which they showed a
small non-significant overall effect with a relative risk of 0.93 [95% CI, 0.70-1.24] when
comparing the incidence of first ICD discharge in Omega-3 PUFA supplementation versus
the placebo (Jenkins, Josse et al. 2008).

Another meta-analysis in the following year confirmed the original findings of Jenkins et al.
Bouwer et al. showed a non-significant beneficial effect from fish oil in terms of ventricular
tachyarrhythmias or death when compared to a placebo (Hazard ratio (HR) of 0.90 [95% CI;
0.67-1.22]) (Brouwer, Raitt et al. 2009). In their sub group analyses, Brouwer and colleagues
showed that the potential beneficial role of fish oils in ventricular arrhythmias was non-
significant across all subject types: the HR for fish oils vs. placebo in patients with an
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Fig. 1. Meta-analysis of implantable cardioverter defibrillator discharge in studies of fish-oil
supplementation. Adapted from Jenkins et al., CMAJ 2008 (Jenkins, Josse et al. 2008).

ejection fraction (EF) <30 was 0.80 [95% CI 0.58-1.12]. In patients with established coronary
artery disease at baseline, the HR was 0.79 [95% CI 0.6-1.06]. Lastly, in patients with an
EF>30 the risk was actually increased, though not significantly, with an HR of 1.18 [95% CI
0.64-2.18].

Moreover, with further data available to them as the original authors of two of the
published studies (Brouwer and Raitt); they were also able to pool their data to perform
more subgroup analyses that showed a range of deleterious outcomes in various subject
types (Figure 2). Most notably, Brouwer et al. showed significantly higher risk of ventricular
tachyarrhythmia in patients who used fish oils and were also on lipid-lowering medications
with an adjusted HR of 1.48 [95% CI 1.01-2.18].

Favours Favours
Fish oil Placebo
Total, adjusted (n=574) —_—t

VT at entry (n=430)
EF>30 (n=331) =

No anti-arrhythmic med. + VT at entry (n=220)
Users of B-Blocking agents (n=435)

Users of lipid-lowering med. (n=333)

T T T T 1

0 0.5 1 1.5 2 2.5
Hazard Ratio (95% ClI)

Fig. 2. Hazard ratios of fish oil treatment for time to first ventricular tachyarrhythmia in the
pooled analyses (Raitt, Connor et al. 2005; Brouwer, Zock et al. 2006) in the entire study
population (primary analysis) and subgroups (subgroup analyses). Adjustments were made
for age, gender, ejection fraction, smoking status, New York Heart Association class for
angina pectoris, New York Heart Association class for dyspnoea, valvular heart disease,
prior myocardial infarction, cardiomyopathy, ventricular tachycardia as index arrhythmia,
ventricular fibrillation as index arrhythmia, and use of anti-arrhythmic medication at
baseline. Adapted from: Brouwer et al., European Heart Journal 2009 (Brouwer, Raitt et al.
2009).
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3. Atrial fibrillation and fish

Although VT and VF are the major concerns with regards to ICD patients, they are not the
only arrhythmias; for long considered a benign and inconsequential type of arrhythmia,
Atrial Fibrillation (AF) is now becoming a large concern globally. It is the most common
arrhythmia in clinical practice, resulting in approximately 1/3 of admissions due to cardiac
rhythm disturbances. In 1996/1997 alone, the ATRIA investigators estimated 2.3 million
North Americans to have AF (Go, Hylek et al. 2001). Friberg et al. also illustrated that
hospital admissions due to AF increased 66% between the late 1970s and late 1990s and
continue to rise (Friberg, Buch et al. 2003).

More recently, AF has also been implicated as an independent predictor of VI /VF incidence in
ICD patients. Stein et al. showed that ICD patients with AF had a multi-variate adjusted HR of
1.89 [95% CI 1.33-2.69] for VT /VF occurrence in the first year after implantation (Stein, Mittal
et al. 2009). Similar findings were also produced by other previous trials, including the
PROFIT and the 'JEWEL-AF-study' (Stein, Euler et al. 2002; Klein, Lissel et al. 2006).

Fish oils have therefore been proposed as effective in the treatment and prevention of AF. It is
hypothesized that Omega-3 PUFAs preserve normal electrophysiological function
(Richardson, laizzo et al. 2011). Despite postulated mechanisms, a recent meta-analysis
suggests that there is much heterogeneity in the current literature and complexity of AF
pathology. Therefore, these PUFAs require further studies prior to solidly claiming their place
as a potential therapy. Liu et al. demonstrated that Omega-3 PUFA intake was not significantly
associated with a reduction in AF episodes (an odds ratio (OR) of 0.81 [95%Cl, 0.57-1.15] for
AF incidence) in patients with established heart disease, such as those who have had a
coronary artery bypass graft (CABG), persistent AF, or open heart surgery (Liu,
Korantzopoulos et al. 2011). In an editorial in the same publication (Liu, Korantzopoulos et al.
2011), Drs. Ramadeen and Dorian elaborated on the reasons why this meta-analysis did not
show the anticipated outcomes that were observed in the animal studies (Ramadeen and
Dorian 2011; Richardson, laizzo et al. 2011). Dorian et al. discussed the mechanisms by which
Omega-3 PUFAs can be potentially beneficial may not in fact be due to their antiarrhythmic
properties (Ramadeen and Dorian 2011) which in other trials have also been questioned since
in some, Omega-3 PUFAs showed pro-arrhythmic activity (Raitt, Connor et al. 2005), but
rather due to preventing structural remodelling and fibrosis through their anti-inflammatory
properties (Ramadeen, Laurent et al. 2010; Saravanan, Davidson et al. 2010). However, for
Omega-3 PUFAs to have any potential efficacy in patients with arrhythmias, their use must be
established long before the disease progresses into longer episodes of AF (persistent and
permanent). Thus, those with existing heart disease may experience no benefit.

4, Fish oils as the solution

It can be said with absolute certainty that the collapse of our fish stocks due to overfishing is
inevitable at the current rate of consumption. Global catches have been declining since the
late 1980s (Figure 3A) (Watson and Pauly 2001), and the number of collapsed stocks has
been increasing exponentially since 1950 (Figure 3B) (Worm, Barbier et al. 2006; Costello,
Gaines et al. 2008). The number and rate of extinctions of marine populations have increased
catastrophically and will continue. When projected forward these data indicate a complete
collapse of commercially exploited stocks by 2050 (Pauly, Alder et al. 2003; Worm, Barbier et
al. 2006).
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Fig. 3. Global Fishery Trends. (A) Global catch trends from 1950 to 2000, corrected for
overreporting by China (Watson and Pauly 2001). (B) Stock collapse: Decline to 10% of their
respective historic maximum yield in fish whose stocks have been exploited (n <10 000; in
64 large marine ecosystems) (RFAD-2007; Worm, Barbier et al. 2006, Costello, Gaines et al.
2008). Adopted from Jenkins et al., CMA] 2009 (Jenkins, Sievenpiper et al. 2009).

The current data on ICD patients in the three trials summarized first by the Jenkins et al.
meta-analysis in 2008 and further investigated by the Brouwer et al. meta-analysis in 2009,
certainly ascertains the uncertainty of the benefits of fish oils in this population of patients
with heart disease (Jenkins, Josse et al. 2008; Brouwer, Raitt et al. 2009). Brower et al., further
elaborates on the potential harms of Omega-3 PUFAs from fish in this population of ICD
users, from the population of the combined studies of Raitt et al. and Brouwer et al. (Raitt,
Connor et al. 2005; Brouwer, Zock et al. 2006; Brouwer, Raitt et al. 2009).

In regards to fish oil benefits for AF prevention, studies show variable results and are
overall inconclusive (Liu, Korantzopoulos et al. 2011). Despite the proposed 2.5-fold increase
by 2050 in AF prevalence (Go, Hylek et al. 2001), the lack of certainty on the therapeutic role
of fish oils contrasts with the certainty that increased fish consumption will simply shorten
the survival of fish stocks with little or no human health benefit. Therefore, continuing to
advocate fish consumption to confer health benefits may at present be inappropriate.

5. Conclusion

In conclusion, Omega-3 PUFAs may have some potential beneficial effects in heart disease,
likely not because of having potential anti-arrhythmic effects, as was long postulated, but
possibly through their anti-inflammatory properties that may in the long term prevent
structural remodelling, and damage to the electrical conduction pathways of the myocardium
provided it is initiated before structural remodelling begins (Ramadeen and Dorian 2011).
However, Omega-3 PUFAs have not been shown to be effective in ICD studies and may
possibly be harmful in preventing VT/VF episodes after remodelling and fibrosis has occurred
(Liu, Korantzopoulos et al. 2011; Jenkins, Josse et al. 2008; Brouwer, Raitt et al. 2009).

To gamble the existence of our planet's fish stocks (Jenkins, Sievenpiper et al. 2009) on
inconclusive data instead of using lifestyle modifications and appropriate pharmaceutical



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

treatments, that can be as beneficial, is not responsible, both for patients and planetary
health. It is therefore important to consider the use of other sustainable sources of Omega-3
PUFAs, such as the recently developed algal sources by Martek and DuPont pharmaceutical
companies (Arterburn, Oken et al. 2008; Surette 2008), for future exploration of their
potential benefits in heart disease as well as other diseases.

Lastly, ICDs in randomized controlled clinical trials have certainly shown their merit in
assessing the different potential benefits or harms of various treatments, since the discharge
of implantable cardioverter defibrillators can be used as a surrogate marker for sudden
death while avoiding death. For example, in the case of fish oils the larger compiled data
from the Brouwer et al. meta-analysis quite clearly demonstrated some of the unexpected
harmful effects of high fish oil intake in ICD patients on statin therapy (Brouwer, Raitt et al.
2009). Ergo, future larger trials with other detailed measurements, including diet and
lifestyle data, can be used to assess further outcomes and help address controversial
questions that will form the basis of future guidelines.
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1. Introduction

Epidemiological studies indicate that in Europe, sudden cardiac death (SCD) is the cause of
from 20 to 159 deaths per 100 thousand inhabitants / year. In the United States, therefore,
die each year from 300 to 400 thousand people. Unfortunately, as shown by the results of
clinical trials, the use of antiarrhythmic drugs doesn’t protect the majority of patients before
the onset of malignant ventricular arrhythmias which are the main cause of SCD.

Other methods of treatment aimed at eliminating the causes of arrhythmia, such as
antiarrhythmic cardiosurgery or transvenous ablation of arrhythmias can be effectively used
only in a narrow group of patients.

Thus, the treatment of choice in treating people at risk of SCD became the implantation of
cardioverter-defibrillator (ICD). The creator of the idea of this method of treatment was
Mieczyslaw (Michel) Mirowski (1924-1990). In the sixties of the last century, he started work
on the design of devices capable of cardiac rthythm track, and in case of serious ventricular
arrhythmias automatically restore sinus rhythm.

The first implantation of automatic defibrillators (without cardioversion) occurred in the
Johns Hopkins Hospital in Baltimore in 1980.

Evaluation of the effectiveness of the ICD in SCD preventing has been the subject of many
studies. Based on the results, the indications for ICD implantation can be divided into
secondary prevention, for patients after cardiac arrest with ventricular fibrillation (VF) or a
previous episode settled ventricular tachycardia (VT) and the primary prevention, including
patients without malignant arrhythmias.

Immediately after ICD implantation, and after 3-7 days you need to confirm the correct
positioning of defibrillation electrodes. This allows you to confirm the correct location and
accuracy of programming. While the study conducted a few days after ICD implantation
should confirm the effectiveness of the algorithm of therapy chosen by the proper detection
of induced control ventricular fibrillation. There are two methods to identify and then a
safety margin between defibrillation pulse energy of the programmed and actual energy
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required to terminate VF. These are: a test to verify the effectiveness of defibrillation and
defibrillation threshold measurement.
Verification test is relatively simple and involves initiation of ventricular fibrillation (with
special functions ICD) and the interruption of the arrhythmia using a defibrillation pulse of
a certain energy. This energy has to be correspondingly smaller (usually about half) than the
maximum available under the ICD model so as to provide sufficient (double) safety margin
taking into account possible fluctuations in defibrillation threshold in the future. After a
successful test, defibrillation energy in the ICD is programmed at the highest available
value.
Defibrillation threshold (DFT) is the lowest energy allows to interrupt of VF. Measurement
of DFT requires several times causing arrhythmia, and then interrupting by the pulse of
different energy power. The usual method of DFT testing is protocol of gradually reduced
defibrillation energy. The test is typically commenced from the defibrillation pulse energy of
15-20 J. After each successful defibrillation is performed the next, using a pulse of energy
usually lower about 10-20%. In this way, determines the highest energy, with which the
successive VF is not interrupted. Another way of determining the DFT is to use the protocol
with gradually increases defibrillation energy. In this case, the testing deffibrillation pulse
has the energy gradually increased (10-20%), ranging from 5-8 ] until the determination of
the lowest value allowing interrupt VF.

The most commonly used algorithms of VF induction are the two:

1. High-speed “burst-type” stimulation - depending on the model of ICD, shock for
ventricular pacing pulse energy of several volts and frequencies of 30-50 Hz for a few to
tens seconds (Fig. 1)

2. “Shock on T” method - triggering the ICD pulse of energy from 0.5 J to a few ] at the top
of the T wave (Fig. 2)
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Fig. 1. An example of initiation of ventricular fibrillation by “burst-type” stimulation.
Record of the Biotronik 1000 TMS programmer. Implantable cardioverter-defibrillator Belos
VR - Biotronik. Paper travel 25 mm / sec.
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Fig. 2. An example of initiation of ventricular fibrillation by “shock on T ” method. Record
of the Biotronik 1000 TMS programmer. Implantable cardioverter-defibrillator Belos VR -
Biotronik. Paper travel 25 mm / sec.

In some patients, repeated attempts to induce VF using both methods didn’t cause
arrhythmia.! Then you need to induction of VF by stimulation of burst-type beam pulses
from the ICD connected with simultaneous induction of unsynchronised impulse from an
external defibrillator.23 This method is sometimes called as a "shock,on burst".4

1.1 Indications for ICD implantation

The subject of many randomized controlled trials was to establish a factor to identify
patients at risk of SCD. Because coronary artery disease is the basis of ventricular
arrhythmias in 80% of cases and cardiomiopathies (especially dilated cardiomiopathy) in
15%, that is why these diseases were a major subject of study in clinical trials of primary
prevention.

Although coronary heart disease and dilated cardiomyopathy are the most common cause
of ventricular arrhythmias, European Society of Cardiology guidelines allow implantation
of the ICD in primary prevention in patients with less recognizable diseases. An example is
hypertrophic cardiomyopathy (HCM) with the associated additional risk factors such as
syncope, family history, left ventricular wall thickness of over 30 mm, abnormal pressure
response during exercise and paroxysmal ventricular tachycardia (Indications class Ila /C).
Patients with HCM and episodes of ventricular fibrillation or ventricular tachycardia should
undergo ICD implantation in secondary prevention.
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In the course of arrhythmogenic right ventricular cardiomyopathy, ICD in primary
prevention can be used in patients with syncope of unknown etiology or in the case of
family history, and when the disease process coverage also includes the left ventricle
(Indications class Ila/C)

Also, a genetic disease such as long QT syndrome (LQTS), a polymorphic ventricular
tachycardia-dependent catecholamine or Brugada syndrome may be the indication for
prophylactic ICD implantation. In the case of LQTS, ICD can be implanted for primary
prevention in patients with recurrent syncope despite beta-blocker therapy (Indications class
IIa /B) or those without syncope but with known types of LQT2 and LQT3 treated as being
particularly strongly associated with risk of SCD (Indications class IIb/B). Patients with
Brugada syndrome with characteristic changes in the resting ECG, recurrent syncope, as well
as those with polymorphic ventricular tachycardia dependent on catecholamines and syncope,
may also be secured in the ICD in primary prevention (Indications class Ila /C).

2. Indications for ICD implantation in primary prevention (Chart 1)

Definitely relate to more potential patients than secondary prevention (Existing guidelines
of the European Society of Cardiology)
a. Prior myocardial infarction (after more than 40 days after MI)
1. NYHA II or III, EF < 35%, the expected survival time exceeds one year. (Indication
classI/A)
2. NYHA I, EF < 30-35%, the expected survival time exceeds one year. (Indications
Class Ila /B)
b. Dilated cardiomyopathy noncoronarogenes
1. NYHA II or III, EF < 35% of the expected survival time exceeds one year.
(Indication class I/B)
2. NYHA I, EF < 30-35%, the expected survival time exceeds one year. (Indications
class IIb /C)
c. Cardiomyopathy, whatever the reasons (coronary and noncoronary)
NYHA III and 1V, EF < 35%, the duration of the QRS complex > 120 msec is recommended
ICD implantation with the function resynchronisation stimulation (Indications Class I/ A).

3. Indications for ICD implantation in secondary prevention

1. Past cardiac arrest caused by ventricular tachyarrhythmias in the mechanism
irreversible or unknown.

2. Ventricular tachycardia leading to unconsciousness.

3. Syncope of unknown etiology, in patients in whom in electrophysiological examination
there was haemodynamically not tolerated VT or VF.

4, Cause of reversible and irreversible of cardiac arrest

The cause is reversible, such as ventricular fibrillation, which occurred in the course of acute
ischemia, myocardial infarction or acute phase of myocarditis is not an indication for ICD
implantation, but the underlying disease requires treatment of any subsequent verification
of indications.
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(1) According to ACC / AHA / ESC 2006 guidelines for management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death®.

(2) According to ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure
2008¢.

Chart 1. Indications for ICD implantation for primary prevention of SCD.

The cause is irreversible, eg electrolyte abnormalities associated with cardiac arrest or an
adverse impact pharmacotherapy consisting of induction of arrhythmias. Irreversibility in
these situations is the result of inability to confirm that any of these factors have been
isolated and not accompanied to any other cause leading to arrhythmia. Furthermore, it's no
possible to prevent with 100% certainty a recurrence of the situation. Thus, experts agree
that in their current situation to propose ICD implantation for patient.

5. Anesthesia for ICD patients

ICD implantation is used in heavily loaded cases (see - the indications for implantation).
Their ejection fraction (EF) is often reduced to 10-15%. Therefore, the anesthetic drugs used
and their dosage must be carefully chosen. At the same time dose must be sufficient to run
the entire test of the defibrillator. Can not be allowed to shallow sedation or anesthesia.

In the Medical University of Gdansk, ICD is implanted since 1995. Initially, the ICD was
implanted under general anesthesia. Prolonged surgery and prolonged anesthesia
deteriorating general condition of patients. Since 1999, the ICD is implanted under local
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anesthesia and deep sedation is performed to verify the proper functioning of the ICD and
to determine the defibrillation threshold.

6. Preparing the patient for deep sedation

Patients presenting to the ICD implantation are being prepared for surgery by cardiologists.
After determining cardiac indications, patients are evaluated in the ASA & NYHA scales.
Due to the burden that is the heart muscle disease and often accompanies circulation failure,
patients should be anesthetized by an experienced anesthesiologist. Before the procedure,
EF is evaluated in ECHO-cardiography. In the operating room is used hemodynamic
monitoring and oxygen therapy. It is advisable to monitor the depth of anesthesia because
the ICD test is performed 2 - 4 times to set the parameters of defibrillation and monitoring
its effectiveness. The interval between the performance of subsequent tests claims of at least
2 - 3 minutes. You can't afford to have shallowing of anesthesia. Anesthesia or deep sedation
to the ICD test have to be short. Initiation of ventricular fibrillation isn't a painful process.
Therefore, in this type of anesthesia isn’t used painkillers.

7. Hypnotics used to the ICD test

1. Etomidate (marketed as Amidate by Labeler)- carboxyl derivative of imidazole. Its
anesthetic effect is a consequence of the depressant effects on the brain stem reticular
creation, through stimulation of GABA. After etomidate injection some patients may
appear myoclonus and dyskinesia. Etomidate causes luxury perfusion the heart
muscle. Oxygen consumption by the myocardium under the influence of etomidate
doesn't change, while the coronary circulation increases by 20%. This action is
preferable to a thiopental actions on the myocardium, which also increases coronary
blood flow but may also increase oxygen consumption by the myocardium. Etomidate
doesn't affect heart rate, slightly decreases peripheral resistance, which increases
cardiac output. Onset of action after 15 - 45 sec. Duration of action 3 - 12 min.

2. Sodium thiopental - (marketed as thiopental by Biochemie) - thiobarbiturate soluble in
lipids. Its anesthetic effect is inhibiting formations in the brain stem reticular. The drug
rapidly decreases blood pressure but slow injection causes compensatory mechanisms,
and this decline is poorly defined. This drug has a beneficial effect on peripheral
vascular resistance, because it increases slightly due to a compensatory increase in
sympathetic activity. Heart rate after administration of thiopental is usually increased. .
Thiopental exerts a direct negative inotropic effect on the myocardium. Reduces stroke
volume. Onset of action after 20 sec. Duration of action 5 - 10 min.

3. Propofol (marketed as Diprivan by Astra Zeneca) is a derivative of phenol. Changes in
heart rate are less pronounced than after thiopental. Often, however, patients taking
beta - blockers are observed bradycardia. Propofol causes hypotension, which is
causing a negative inotropic effect and a decrease in peripheral resistance. Onset of
action after 15 - 45 sec. Duration of action 5 - 10 min.

4. Midazolam (marketed as Dormicum by Roche) - a water-soluble derivative of
benzodiazepine. The action arises upon binding the drug to benzodiazepine receptors
which enhance the inhibitory effect of GABA on the transfer of stimulus. The action of
midazolam on the cardiovascular system is poorly expressed. Heart rate does not
change or slightly increases. Myocardial contractility decreases slightly. Oxygen
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consumption by heart muscle and blood flow don’t change. Onset of action after 30 - 60
sec. Duration of action 15 - 30 min.

8. Monitoring depth of sedation

1. EEG (Narcotrend) - this device is an attempt to automatic analysis of EEG. Induction of
anesthesia is characterized by a decrease of frequency and amplitude of EEG waves.
With deepening anesthesia theta waves appear. Delta waves are characteristic of deep
anesthesia. The next stage is the occurrence of burst supression until the abolition of
the electrical activity of the brain characterized by the occurrence of isoelectric line.

2. BIS - bispectral index - includes data of bispectral and conventional EEG analysis.
Unites the different EEG parameters into a whole by presenting the average value of
diversified parameters of bioelectrical activity of the brain. BIS is an absolute number
from 0 to 100, where 100 represents the state of vigilance, and 0 is an electric silence
(tab.1). With values of BIS from 83 to 89 amnesia occurs, and with values from 64 to 72 -
loss of consciousness.

BIS 100 the standby, preserved the memory

BIS 65- 80 sedation

BIS 40 - 65 moderate to profound loss of consciousness with amnesia recommended
for general anesthesia

BIS <40 coma

Table 1. The interpretation of the BIS value.

3. AEP - auditory evoked potentials - assess the electrical activity of the brain caused by
an acoustic stimulus. The severity of the waves depends on the state of consciousness.
The smallest is asleep. The patient before anesthesia is placed in the ear headphones,
which emit a loud signal. The patient's skin as opposed to the measure by BIS should be
prepared. Abrasive tape rubs calluses, as to produce a skin reaction in the form of
browning.

4. Entropy of EEG - (Datex Ohmeda Entropy). Evaluation of depth of anesthesia consists
of an analysis of two parameters: ST-state entropy - the value characteristic for the
brain's electrical activity - EEG and RE - response entropy - includes EEG and
electromyography of facial muscles. During deep anesthesia, these values didn't differ.
Unexpected increase in RE in relation to the SE may be a sign of inadequate anesthesia.

Among these depth of sedation monitoring techniques, least time-consuming and the

simplest for interpretation is the BIS. Enhanced monitoring of patients for testing the ICD

provides a good opportunity to assess the quality of anesthesia, while you carefully assess
the condition of patients wake up after surgery. This monitoring is particularly important in
patients at increased risk of general anesthesia.

9. A study comparing etomidate, sodium thiopental and propofol7

From the data presented in the literature shows that thiopental and propofol should be used
in people with heart disease with caution. On the other hand, studies conducted in patients
treated with electrotherapy because of arrhythmia, demonstrated safety of these
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anesthetics8910.We resigned from the use of etomidate because of the substantial degree of
severe myoclonus which persisted even after waking patients, which is observed by Pacifico
et alll.Before our study thiopental and propofol was used in smaller doses (3 mg / kg and 1
mg / kg). Such proceedings require additional doses of medication between validation tests
of the defibrillator-cardioverter. Determination of the dose of sodium thiopental 5 mg / kg
and propofol 1.5 mg / kg allowed testing the ICD after a single dose in most patients. This
has created a comfortable environment for staff and patients. Increasing the dose of drugs
wasn't accompanied by an increased incidence of side effects such as apnea or prolonged
time to recovery of full consciousness.

The study group comprised 50 patients in whom anesthesia was performed using propofol
(27 patients) or thiopental (23 patients). Ejection Fraction (EF) was assessed before the
treatment by echocardiography. Patients weren't premedication. Monitoring of the patient
in the operating room included ECG, blood pressure by the indirect method, pulse oximetry
and bispectral index (BIS). In the operating room was used passive oxygen therapy by mask
with oxygen flow 6 1 / min. Anesthesia for this procedure was intravenous anesthesia
without intubation. For anesthesia was administered a single dose of propofol (1.5 mg/kg)
or sodium thiopental (5 mg/kg) during 30 sec. Evaluation of the parameters was started
after the administration of hypnotics.Statistical analysis was performed using Statistica 7.1
PL (StatSoft, Tulsa, USA).The results, depending on the nature of their distribution, verified
by test W (Shapiro and Wilk) , presented as arithmetic mean (standard deviation) or
median (range). To compare the data with normal distribution and comparable variances
(Levene's test verification) was used T-test for independent variables, in the absence of
homogeneity of variance was used T-test with separate variance estimation (Welch test). In
cases of non-normality of variables, the comparison test was used Mann-Whitney test.
Relationships between variables were tested using the R-Spearman's test of rank correlation.
Adopted for significant p-value p<0.05.

10. Results

The results are shown in Table 2.

Parameter Thiopental Propofol p
Median | Range | Median | Range

EF (%) 30 15-75 40 15-70 0,55
Loss of ciliary reflex (sec) 51 27-83 55 20-240 | 045
Ciliary reflex recovery time (sec) 315 | 123-776 440 214-660 | 0,0099
BIS output 98 94-99 98 89-98 | 047
BIS minimum 38 23-76 42 32-82 | 0,05
BIS minimum - time after the administration of 93 50-312 140 54-570 0,04
medicines

BIS after waking 75 59-84 72 59-89 0,74
SpO: output 98 96-100 98 95-100 | 0,17
final SpO» 98 97-100 98 95-100 0,9
Time from wake up to return to baseline BIS (sec) 397 181-841 253 122-549 | 0,0004
Final BIS 98 94-99 98 89-98 0,47

Table 2. Results of the variables studied.
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EF ranged from 15 to 75% in both groups. The average age in both groups did not differ
significantly. There was no difference in the disappearance of ciliary reflex in both groups
(fig. 3), but its disappearance followed later in patients treated with propofol than in
patients treated with thiopental (fig 4).
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Output BIS values in both groups were identical. There was a significant statistical
difference in the minimal BIS value, and the time, in which the minimal BIS was achieved.
Minimum BIS values were lower in patients receiving thiopental than in patients receiving
propofol (fig 5).
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Fig. 5. BIS minimum.

BIS value at which managed to make verbal-logical contact with the patients were comparable
in both groups (72 in patients receiving thiopental and 73 in patients receiving propofol). Only
the time of return to baseline BIS, was differed in both groups. It was significantly shorter in
patients receiving propofol than in patients receiving thiopental (fig. 6).

11. Discussion

Implantable cardioverter defibrillators are implanted under general anesthesia 121314 or
under local anesthesia 11.15. Schematic procedure depends on the experience and standards
of conduct 7. For short-term cardiac procedures are recommended short-acting drugs,
without the depressive effects on the cardiovascular system 1115, Clinical research
comparing effects of etomidate, propofol and sodium thiopental, used for anesthetic during
cardiac procedures didn’t show any hemodynamic differences in these patients 8910, Data
from the literature shows that sodium thiopental and propofol should be used in people
with heart disease with caution. On the other hand, studies in patients treated with
electrotherapy because of arrhythmia, demonstrated safety of these anesthetics 8910,
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Fig. 6. Time of the return of baseline BIS.

During anesthesia, there was no reduction in oxygen saturation in patients receiving
propofol and in patients receiving sodium thiopental. Monitoring depth of anesthesia was
performed using the BIS 6. The study of quality of sedation was made based on its
evaluation. 6. In our study we observed that BIS values before and after anesthesia were
almost identical. We noticed a statistically significant difference in the values of the
minimum BIS. In patients who received sodium thiopental, this value was lower than the
minimum value of BIS in patients who received propofol. Time after which the BIS has
reached the minimum value was shorter in patients treated with thiopental (93 s) than in
patients who received propofol (140s). The value of the BIS prior to anesthesia (98 v 98) was
identical to the value of BIS after anesthesia (98 v 98). Baker et al in their clinical research
showed same?”. Although the BIS value before and after anesthesia were identical, but the
BIS value at which managed to make a verbal-logical contact with the sick was lower by
17.6% from baseline (72.4 v 73) in both groups.

Fall asleep time of patients assessed as ciliary reflex decay time didn,t differ significantly in
both groups, as well as the time between drug administration and awake. However, BIS
recovery time after waking up to pre-sedation value was significantly shorter in patients
receiving propofol. This moment was considered the end of the sedation and the patient
returned to the clinic of cardiology. Similar acted Baker et al 7. Time since the recovery of
verbal-logical contact with the patient until the return of BIS values to baseline was longer in
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patients who received sodium thiopental (385 s) than in patients who received propofol.
(253 s). Administration of each drug in a single dose was sufficient to realize the ICD tests.
Shorter BIS recovery time shows greater utility of propofol than thiopental for use in the
sedation to the ICD tests.

12. Conclusions

1. Propofol at a dose of 1.5 mg / kg and thiopental 5 mg / kg provide sufficiently deep
sedation for defibrillator testing - cardioverter.

2. Shorter BIS recovery time in patients receiving propofol demonstrates the increased
usefulness of this drug for sedation to the ICD tests.

3. Anesthesia for ICD test using thiopental or propofol is safe for patients with low
ejection fraction.

4. During sedation with sodium thiopental and propofol, there was no significant
hemodynamic differences in patients undergoing ICD tests.

5. BIS is the easiest ability to assess depth of anesthesia because of the ease of
implementation and low invasiveness.
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