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INTRODUCTION

Ventricular fibrillation is a lethal malfunction of the heart.
Normally the heart beats about once a second, and is
controlled by electrical signals that occur in a predictable,
periodic way. The heart’s electrical activity, called the
electrocardiogram (ECG), can be measured on the surface
of the body. A normal ECG is shown in Fig. 1a. If the heart
is in a state of ventricular fibrillation, the electrical control
of the heart becomes disorganized and chaotic. Instead of
producing a normal ECG, the fibrillating heart produces an
ECG that looks more like random noise, as shown in Fig.
1b. Rather than contracting in unison, different regions of
the heart contract independently, resulting in a quivering
that is not effective in pumping blood.

Once the ventricles of the heart start to fibrillate, death
follows in minutes. The American Heart Association esti-
mates that in the United States 335,000 people die each
year of sudden cardiac death, with most of the deaths
attributed to ventricular fibrillation (1). The most effective
way to prevent these deaths is to apply a strong electric
shock to the heart within the first few minutes after the
onset fibrillation (Fig. 2) (2,3). Devices that deliver such
shocks are called defibrillators, and come in two types:
external and internal. A physician, a paramedic, or even an
untrained bystander can use an external defibrillator to
apply a shock to an unconscious victim of ventricular
fibrillation. The more sophisticated of these devices are
automated so that the user need do little more than follow
some simple instructions; such devices are called Auto-
mated External Defibrillators (AEDs). Internal defibrilla-
tors are similar to cardiac pacemakers, and are implanted
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Figure 1. (a) A normal electrocardiogram (ECG). (b) The ECG
during fibrillation.
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Figure 2. The percent survival for high risk patients when
treated with conventional drug therapy or with an implanted
defibrillator. [Modified and Reproduced with permission from
Moss et al., Improved survival with an implanted defibrillator
in patients with coronary disease at high risk for ventricular
arrhythmia. N. Engl. J. Med., 335: 1933-1940, 1996. see Ref. 2].

into patients who are at risk for ventricular fibrillation.
They monitor the electrical activity of the heart and deliver
a shock when necessary. Modern defibrillators can also
function as pacemakers, and are called Implantable Car-
dioverter Defibrillators (ICDs).

EXTERNAL DEFIBRILLATORS

An external defibrillator works by applying a shock
through electrodes on the surface of the body. Automated
external defibrillators are becoming common in schools,
on airplanes, and at other public places. A typical AED is
shown in Fig. 3. Each electrode has an area of at least
50 cm? and is attached to the skin by a self-adhesive pad.
A conducting gel should always be placed between the skin
and the electrode to reduce the skin resistance. The current
passes from the electrodes through the entire torso, with
only a fraction of it reaching the heart.

A defibrillator works by charging a capacitor to a high
voltage and then discharging it through the patient’s body
(Fig. 4). When the switch S is to the left, a capacitance of
about 200 pF is charged to ~1500V, implying a stored
charge of 0.3C and a stored energy of 225J. Move the
switch to the right, and the capacitor discharges through
the resistance of the patient’s body (50 Q) or more), gene-
rating a peak current of 30 A that decays exponentially
with a time constant of 10 ms.

An actual defibrillator circuit is more complicated than
shown in Fig. 4. For example, the battery pack used to
power an AED typically has a voltage of ~12V. A high
voltage power supply is needed to raise this voltage to the
level necessary to charge the capacitor. Also, many defi-
brillators use a biphasic, truncated-exponential waveform,
which is more effective for defibrillation than a monophasic
wave form (Fig. 5). The biphasic waveform is produced by
discharging the capacitor part way, then reversing the
polarity of the leads, followed by further discharge. Switch-
ing circuitry that functions at high voltages is required.
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Figure 3. An automated external defibrillator (AED). This figure
appears courtesy of Philips Medical Systems.
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Figure 4. A simplified defibrillator circuit, where V is the voltage
of the power supply, C is the capacitor, R is the resistance of the
body, and S is a switch.
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Figure 5. A typical biphasic, truncated exponential waveform
used in many defibrillators.
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Figure 6. Defibrillation success follows a sigmoidal probability
curve. The shock strength corresponding to a 50% success rate is
called EDjq (for effective dose, 50%).

The word “automatic” in the term Automatic External
Defibrillator means that the device can decide for itself if
defibrillation is necessary. The AED monitors the electro-
cardiogram, and enough memory is included in the machine
to store the ECG data. Also present are electronics that allow
the device to analyze the ECG and decide if the ventricles are
fibrillating. If they are, the AED will tell the caregiver to
shock the patient. Most AEDs provide both written and oral
instructions about how to attach the electrodes and operate
the device. In theory, minimal training is required.

The success rate of defibrillation follows a probability
curve like that shown in Fig. 6: the higher the shock energy,
the higher the probability of defibrillation. A shock strength
corresponding to a 50% success rate is known as “ED5”. To
reduce the probability of a failed shock, physicians often use
strengths of about EDgo. Unwanted side effects also increase
with shock energy, so an AED usually shocks with a rela-
tively low energy first, say 200d. If that fails, it delivers
shocks of increasing energy up to a maximum of ~ 360 .

External defibrillators used in hospitals and ambu-
lances are similar to AEDs, except that they are not auto-
matic (the physician decides when to shock a patient rather
than the device) and they can often be powered by plugging
into the hospital’s electric power grid instead of, or in
addition to, relying on batteries.

IMPLANTABLE DEFIBRILLATORS

An implantable cardioverter defibrillator resembles a pace-
maker, but its circuitry is similar to that in an AED. The
battery, capacitor, and electronics are enclosed in a metal
case (titanium or stainless steel), which is implanted under
the skin in the chest (Fig. 7). The typical size of the case, or
“can ”,is ~50 x 50 x 15 mm. The can often serves as one of
the ICD electrodes.

The capacitors in an ICD are only slightly smaller
(~125 uF) than in an AED, but in an ICD the capacitor
is charged to a voltage of only ~ 600V, implying a charge of
0.075C and an energy of 23dJ. An ICD delivers about one-
tenth the energy that an AED does, but in an ICD the shock
is delivered through electrodes placed within the heart
and is therefore just as effective for defibrillation. Tissue
impedance for an ICD is at least 50 (), implying a discharge
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Figure 7. An implantable cardioverter defibrillator (ICD).

time constant of ~5ms. Many ICDs contain two 250 uF
capacitors charged in parallel, to give a total capacitance of
500 wF. When discharged, the connection of the capacitors
is changed so they are in series, resulting in the capaci-
tance of 125 uF mentioned earlier. One advantage of this
technique is that when in parallel each capacitor needs to
be charged to a voltage of only 300 V, which becomes a total
voltage of 600V when placed in series. Most ICDs have a
maximum shock energy of ~304d.

Lithium-type batteries, often lithium silver vanadium
oxide, power ICDs. Two such batteries in series provide
~6V. Since the capacitor voltage is ~600V, the batteries
are used to power a high voltage power supply. They are
implanted in the patient’s body, so changing them requires
surgery, implying that battery lifetime is important. Life-
time is often measured in ampere-hours (A -h) (equivalent
to a charge of 3600 C), and a typical battery is rated at
~3 A -h. If each time the capacitor is charged uses 0.075C,
the battery should be able to deliver thousands of shocks.
However, the battery performance begins to decay before
its total charge is exhausted, and also it must provide
power for continuous monitoring of the ECG and other
functions, so its observed lifetime is ~5years. Another
important property of a battery is the time required to
charge the capacitor. Typically, the battery takes ~10-20s
to generate a full charge. If this time increased significantly, it
would delay the delivery of the shock. The voltage decays
gradually and predictably throughout the lifetime of a lithium
silver vanadium oxide battery, so that the voltage can be used
as an indicator of the battery’s remaining useful life.

The electrodes and their leads are critical components of
an ICD. Unlike the electrodes in an AED, ICD electrodes
are implanted inside a beating heart and must continue to
function there for years. Many ICD malfunctions arise
because of problems with the leads. Like pacemaker leads,
ICD leads are made from coils of wire to make them flexible
and avoid breaks (Fig. 8). They are insulated, except at the
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Figure 8. The conductor in the lead is often in the form of a coil to
increase its flexibility and reduce mechanical stresses in the metal.

electrodes, by silicone rubber or polyurethane. A typical
lead contains three electrodes: one for pacing and sensing,
and two larger ones for defibrillation. An ICD lead is affixed
to cardiac tissue on the inner (endocardial) surface of the
heart. Often the tissue is damaged (inflammation, followed
by fibrosis) in the area in contact with the lead tip. Steroid
eluting leads minimize the tissue damage by slowly releas-
ing the corticosteroid dexamethasone sodium phosphate.
The ICD lead must be attached to the endocardial surface
to prevent it from becoming dislodged. Some leads use a
“passive” fixation technique consisting of plastic tines on the
lead tip that become entangled in the trabeculae on the
endocardial surface of the right ventricle (Fig. 9a). Other
leads use an “active” fixation technique consisting of a metal
helix, similar to a corkscrew, that is screwed into the
endocardium (Fig. 9b). The defibrillation shock is delivered
through a large electrode located many millimeters back
from the lead tip. In some cases, current is passed through
two electrodes (one in the right ventricle and one in the right
atrium, as shown in Fig. 7), and in other cases the shock is
delivered between one electrode and the defibrillator can.
The ICD recording lead senses the several-millivolt
ECG signal within the heart. Two parameters that the
ICD uses to detect abnormal arrhythmias are heart rate
and arrhythmia duration. The ICDs use sophisticated
algorithms to determine from the ECG if an arrhythmia
is present, and these algorithms differ between manufac-
turers. Sufficient memory is included in the ICD to store
ECGs before, during, and after a shock. Figure 1 shows
that the ECG from ventricular fibrillation has a smaller
amplitude than the normal ECG, making detection of
fibrillation challenging. Information about the defibrillator,
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Figure 9. Distal end of a lead. (a) Passive fixation for attaching the
lead to the endocardial surface of the heart using plastic tines. (b)
Active fixation using a metal helix that is screwed into the heart wall.



e.g.,the statusofthebattery and thelead impedance, aswell
as ECG traces, can be obtained through telemetry. Modern
ICDsuse the medical implant communications system radio
frequency band (402—405MHz). Most ICDs can be repro-
grammed using telemetry.

When implanting an ICD, the physician must choose
between a single-chamber and a dual-chamber defibrillator.
Single-chamber devices have a single lead with the sensing
electrode placed in the right ventricle. Their advantage is
simplicity, longevity, and fewer complications. Dual-chamber
devices have two leads: one sensing the right atrium and one
sensing the right ventricle. Patients who rely on the ICD for
pacing as well as defibrillation may benefit from the dual-
chamber design. For example, a patient with a problem in the
sinus node, which is located in the right atrium and serves as
the heart’s natural pacemaker, may respond best to atrial
pacing. The atrial lead would then be for pacing, and the
ventricular lead for defibrillation.

A cardiologist usually implants an ICD with the patient
under local, not general, anesthesia. Typically, implanta-
tion requires an overnight hospital stay, although some-
times it is performed as an outpatient procedure. The ICD
can is placed in a “pocket” under the skin in the upper
chest, in the pectoral region. The lead is introduced into the
subclavian vein, often by puncturing the vein with a nee-
dle, and then advanced into the right atrium under fluoro-
scopic view. A ventricular lead passes through the
tricuspid valve between the right atrium and the right
ventricle, and then is placed in contact with the endocar-
dium near the apex of the heart (Fig. 7). After the implan-
tation, the cardiologist tests the device by inducing
fibrillation and then shocking the heart to check that
defibrillation is successful.

The “C” in the term ICD stands for “cardioversion,”
which is a type of shock therapy for treating any rapid
arrhythmia other than ventricular fibrillation. Typically, a
physician uses cardioversion to treat atrial fibrillation or a
ventricular tachycardia (a rapid but still organized beating
of the ventricles), both serious abnormalities but neither
immediately life threatening. The shock strength used
during cardioversion may be weaker than or similar to
that used for defibrillation, depending on the type of
abnormality. Cardioversion often uses information from
the ECG to time the shock optimally, whereas defibrillation
shocks are delivered without any such timing.

MECHANISMS OF DEFIBRILLATION

Defibrillators have been developed empirically without a
complete understanding of the mechanism of defibrillation.
Many researchers are studying this important problem (4).
The mechanism of defibrillation is closely tied to the
mechanism of arrhythmia induction by an electrical shock.
In order to initiate an arrhythmia, a shock must be given
during the vulnerable period (during the time of repolar-
ization of the ventricular action potential). A very weak
shock during the vulnerable period has little effect. A
stronger shock can induce an arrhythmia; the lowest
strength that induces an arrhythmia is called the “lower
limit of vulnerability”. An even stronger shock will not cause
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an arrhythmia; the lowest strength above the lower limit of
vulnerability for which an arrhythmia is not induced is
called the “upper limit of vulnerability”. In order to defi-
brillate, a shock must be at least as strong as the upper
limit of vulnerability. If not, a shock that would otherwise
successfully defibrillate the heart could restart a new
arrhythmia that might decay quickly into fibrillation.

One of the more difficult issues in defibrillation research
is determining exactly where, when, and how a shock
affects cardiac tissue (5). The crucial question is how the
shock alters the transmembrane potential (the voltage
across the cell membrane), because it is the transmem-
brane potential that opens and closes voltage gated ion
channels, thereby causing an action potential and wave
front propagation. A simple, one-dimensional (1D) model
of current flow through the heart wall suggests that the
transmembrane potential caused by a shock is large only
within a few length constants (~1mm) of the heart’s
surface. This model cannot be correct, because fibrillation
occurs throughout the heart and the shock must affect a
large fraction of the cardiac tissue—not just a thin surface
layer—if it is to defibrillate. What then is the mechanism
by which a shock alters transmembrane potential deep in
the heart wall? This question has not yet been answered
definitively, but recent evidence suggests that tissue ani-
sotropy and fiber curvature plays a key role (6).

Scientists continue to study defibrillation even as engi-
neers improve defibrillator designs empirically. How
increased fundamental knowledge about defibrillation will
improve defibrillators is an open question. Nevertheless,
defibrillators contribute crucially to the treatment of car-
diac arrhythmias. They represent the best, and often only,
option for patients with ventricular fibrillation.
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