Circulation @

Learn and Live..
JOURNAL OF THE AMERICAN HEART ASSOCIATION

Relative Efficacy of M onophasic and Biphasic Waveformsfor Transthoracic
Defibrillation After Short and Long Durations of Ventricular Fibrillation
Gregory P. Walcott, Sharon B. Melnick, Fred W. Chapman, Janice L. Jones, William
M. Smith and Raymond E. |deker

Circulation 1998;98;2210-2215
Circulation is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX 72514
Copyright © 1998 American Heart Association. All rights reserved. Print ISSN: 0009-7322. Online
ISSN: 1524-4539

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://circ.ahajournal s.org/cgi/content/full/98/20/2210

Subscriptions: Information about subscribing to Circulation is online at
http://circ.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, adivision of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:
410-528-8550. E-mail:

journal permissions@l|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints



http://circ.ahajournals.org/cgi/content/full/98/20/2210
http://circ.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://circ.ahajournals.org

Relative Efficacy of Monophasic and Biphasic Waveforms
for Transthoracic Defibrillation After Short and Long
Durations of Ventricular Fibrillation

Gregory P. Walcott, MD; Sharon B. Melnick, AAS; Fred W. Chapman, PhD; Janice L. Jones, PhD;
William M. Smith, PhD; Raymond E. Ideker, MD, PhD

Background—Recently, interest has arisen in using biphasic waveforms for external defibrillation. Little work has been
done, however, in measuring transthoracic defibrillation efficacy after long periods of ventricular fibrillation. In protocol
1, we compared the efficacy of a quasi-sinusoidal biphasic waveform (QSBW), a truncated exponential biphasic
waveform (TEBW), and a critically damped sinusoidal monophasic waveform (CDSMW) after 15 seconds of
fibrillation. In protocol 2, we compared the efficacy of the more efficacious biphasic waveform from protocol 1, QSBW,
with CDSMW after 15 seconds and 5 minutes of fibrillation.

Methods and Results—In protocol 1, 50% success levels;,Blere measured after 15 seconds of fibrillation for the 3
waveforms in 6 dogs. In protocol 2, defibrillation thresholds were measured for QSBW and CDSMW after 15 seconds
of fibrillation and after 3 minutes of unsupported fibrillation followed by 2 minutes of fibrillation with femoral-femoral
cross-circulation. In protocol 1, QSBW had a lower&[16.0+4.9 J, than TEBW, 20.3+4.4 J, or CDSMW, 27.4+6.0
J. In protocol 2, QSBW had a lower defibrillation threshold after 15 seconds138, and after 5 minutes, 45 J,
than CDSMW after 15 seconds, 54+19 J, and 5 minutes, 8030 J, of fibrillation. The defibrillation threshold remained
statistically the same for QSBW for the 2 fibrillation durations but rose significantly for CDSMW.

Conclusions—In this animal model of sudden death and resuscitation, these 2 biphasic waveforms are more efficacious
than the CDSMW at short durations of fibrillation. Furthermore, the QSBW is even more efficacious than the CDSMW
at longer durations of fibrillation(Circulation. 1998;98:2210-2215.)
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N umerous studies, both in animals and in humans, have Shocks from the implantable cardioverter-defibrillator are
shown that certain truncated exponential biphasic wave- given within seconds of the onset of fibrillation. Because
forms with well-chosen phase durations have lower defibril- most previous studies of biphasic waveforms have focused on
lation thresholds than monophasic truncated exponential internal defibrillation, shocks have been delivered after only
waveforms for internal defibrillatiofr® Other studies, in 10 to 30 seconds of ventricular fibrillation. In contrast, the
humans or animals, have shown that certain truncated expo-first transthoracic defibrillation shock in the prehospital
nential biphasic waveforms have either a lower defibrillation setting is often administeretr5 minutes after the patient
threshold or greater defibrillation efficacy for the same size collapses?** The defibrillation efficacy of biphasic wave-
shock than a monophasic damped sinusoidal waveform for forms after minutes of fibrillation has not been compared
transthoracic defibrillatiof” with that of monophasic waveforms.

Another type of biphasic waveform exists for external This study was designed to test the following hypotheses.
defibrillation in addition to the truncated exponential biphasic First, we hypothesized that both biphasic waveforms, the
waveform, ie, the quasi-sinusoidal wavefotr study in truncated exponential and the quasi-sinusoidal, would defi-
humans has shown that the probability of success of a 200-Jbrillate with a lower delivered energy than the critically
shock was higher for the biphasic quasi-sinusoidal waveform damped monophasic waveform after short durations of ven-
than for the critically damped monophasic wavefdril- tricular fibrillation. Furthermore, we predicted that the quasi-
though both biphasic waveforms perform better than the sinusoidal biphasic waveform, with its gradual onset, would
monophasic waveform, it is not known which of these 2 defibrillate at a lower delivered energy than the truncated
biphasic waveforms has the lower defibrillation threshold for exponential biphasic waveform, with its abrupt onset, and the
transthoracic defibrillation. critically damped monophasic waveform. Second, we hy-
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pothesized that the more efficacious biphasic waveform in A
protocol 1 would also defibrillate at a lower delivered energy

than the critically damped monophasic waveform after 5

minutes of fibrillation.

Methods

This work was approved by the Animal Care and Use Committee at
the University of Alabama at Birmingham. It conforms to the
“Position of the American Heart Association on Research Animal B msec
Use” published inCirculation in April 1985.

The portions of the experimental procedure common to both
protocols will be described first. Each dog was anesthetized with
sodium pentobarbital 20 to 30 mg/kg and maintained on a constant
infusion of 0.05 mg kg* - min~* through an intravenous catheter in
a foreleg. ECG lead Il was monitored throughout the experiment.
The animal was intubated with a cuffed endotracheal tube and
ventilated with a volume-controlled respirator (Harvard Apparatus)
with an air/oxygen ratio to keep aoPof ~100 mm Hg. A constant
infusion (5 to 10 mL- kg™* - h™) of lactated Ringer’s solution was
delivered. A femoral arterial catheter was placed for hemodynamic
monitoring and for vascular access for blood gas and electrolyte
analysis. Blood gas analysis was performed every 30 to 60 minutes
as indicated by the condition of the animal, and correctionson P
Pco,, Na", K*, C&*, and bicarbonate were made as necessary to
maintain normal values. Body temperature was monitored with an
esophageal temperature probe and maintained at 37°C to 38°C with
a heating pad placed beneath the animal.

FASTPATCH disposable defibrillation electrodes (Physio- 5 10 15
Control Corp) were placed on the left and right chest walls. msec
Fibrillation was induced with 60-Hz current from a quadripolar Figure 1. The 3 waveforms: critically damped sinusoidal
electrophysiology catheter (EP Technologies) in the right ventricle. monophasic (A), quasi-sinusoidal biphasic (B), and truncated
After all test shocks were delivered, the animal was euthanized. The exponential biphasic (C).
heart was removed from the animal, weighed, and stored in formalin.

was rejected aP<0.05. The Student-Newman-Keuls test for multi-
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Protocol 1 _ ple comparisons was used to determine differences among the 3
Three waveforms were tested. The monophasic waveform (Edmark) waveforms if the null hypothesis was rejected by the repeated-
was a critically damped sinusoidal waveform (Figure ¥Apne measures ANOVA.

biphasic waveform (Gurvich) was a quasi-sinusoidal waveform
(Figure 1B)? Both sinusoidal waveforms were delivered from a Protocol 2
modified LIFEPAK 7 external defibrillator (Physio-Control Corp).
The second biphasic waveform was a truncated exponential wave-
form delivered from a single 28QF capacitor bank in which each
phase had a 35% tilt (Figure 1C) delivered from an HVS-02 external
defibrillator (Ventritex Co) modified to accept an external capacitor
bank of arbitrary size and to deliver shocks of leading-edge voltage
up to 1300 V. The capacitor size was made large relative to the
capacitor size used in internal defibrillators to lower the leading-edge
voltage of the shock necessary to defibrillate the anihBhase 1

Two waveforms were tested, the critically damped monophasic
waveform (Figure 1A) and the quasi-sinusoidal biphasic waveform
(Figure 1B). The defibrillation threshold was first determined for the
2 waveforms after 15 seconds of fibrillation with an interleaved
up/down protocol (Figure 2). Shocks were delivered in pairs, with 1
of each shape given before the next pair of tests shocks was
delivered. Shock order for each pair was randomized. The initial
shock strength was 25 J. If a test shock succeeded for a particular
duration was chosen to be optimal for a @Simpedance with a waveform, th_e next test shock was decre'ased by 20% in energy. If a
parallel resistor-capacitor network used to represent the Hekire test shock failed, the next test shock was increased by 20% in energy.

second phase of the biphasic waveform was chosen to be equal to thel his protocol was followed until a reversal from success to failure or
first phase: Shocks were given after 15 seconds of fibrillation. If the failure to success was recorded for each shock waveform. The lowest

test shock failed, the heart was rescued with a shock of the sameShock strength that successfully defibrillated the animal was defined
shape but approximately twice the energy. as the defibril_lation threshold for that waveform. If the test shock
Probability-of-success curves were determined for each waveform failed, the animal was rescued by a shock of the same shape but
in an interleaved fashion. Shocks were delivered in groups of 3, with @pproximately twice the energy. )
1 shock of each waveform shape being delivered in each group. The After the defibrillation threshold had been determined for short-
order of shocks within each group of 3 was randomized. The starting duration fibrillation, the animal was given 3000 U heparin. Subse-
energy for each waveform was 25 J. An up/down protocol was dquent doses of 1000 U heparin were given each hour. Cannulas were
followed until 15 shocks were delivered for each waveform. The placed in the right femoral artery and right femoral vein and
15-shock count did not start until the first reversal from success to connected to a perfusion apparatus (Sarns Inc). The perfusion
failure or failure to success occurred. If the test shock for a particular apparatus was primed with 1 L normal saline, 20 mEq KCI, 50 mEq
waveform succeeded, the next shock for that waveform was de- N&CO;, and 100 mg CaGl Defibrillation thresholds were then
creased in energy by 10%. If the test shock failed, the next test shock determined for the 2 waveforms after 5 minutes of ventricular

was increased 10% in energy. fibrillation. During the first 3 minutes, the animal was allowed to
Probability-of-defibrillation-success curves were determined for fibrillate without external support. Then the perfusion pump was
each waveform by a Probit regression fit methbdlhe 50% started, and cross-circulation with unoxygenated blood was given at

effective dose point (ER) for delivered energy for each waveform  a flow rate of 1 L/min.
was compared by a repeated-measures ANOVA. The null hypothesis After 2 minutes of perfusion, the test shock was administered. The
that the EQ, values were not different for the different waveforms initial shock strength was the defibrillation threshold measured after
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Induce VF wi
60 Hz current
Deliver test shock Su Provious shock No Decrease shock energy
ver afailure? by 20%
Yes
Threshold equal to
test shock strength
]
E:
Threshold equal to previous
test shock strength
A
Yes
Deliver rescue shock Previous shock No Increase shock energy
a success? by 20%

Figure 2. Flow chart describing method used to determine defibrillation threshold in protocol 2.

15 seconds of fibrillation. Defibrillation thresholds were determined damped sinusoidal monophasic waveform for both long- and
in an interleaved fashion according to the same protocol as for 15 gshort-duration fibrillation (Figure 4). After 15 seconds of

seconds of fibrillation (Figure 2). When the defibrillation threshold fibrillation. the defibrillation threshold for the quasi-
had been successfully determined for 1 of the waveforms, interleav- . o . q
ing stopped (so as to minimize the number of ventricular fibrillation Sinusoidal biphasic waveform (380 J) was lower than for

episodes), and all subsequent episodes were shocked with the othethe monophasic waveform (54+19 J). After 5 minutes of
waveform. Once defibrillated, the animal was allowed to recover for fibrillation, the defibrillation threshold for the quasi-
45 minutes before fibrillation was reinduced. If the animal was gjnhusoidal biphasic waveform (45 J) was lower than for

asystolic or had pulseless electrical activity after defibrillation, . . .
perfusion was maintained without pacing for 30 seconds. If the th,e mpnophasm waveform (830 J).'In addition, the de_f",
animal was still asystolic after 30 seconds of perfusion, pacing was Prillation threshold for the monophasic waveform was signif-

begun from the right ventricular catheter. Perfusion was halted once icantly higher at 5 minutes than at 15 seconds. The quasi-
cardiac mechanical activity was noted. If the blood pressure was sinusoidal biphasic waveform defibrillation threshold did not

<60 mm Hg after 30 seconds with no cross-circulation, perfusion j,crease significantly.

was reinstituted and the animal was resuscitated with 1 mg

epinephrine.
The defibrillation threshold was defined as the lowest shock @
energy that successfully converted ventricular fibrillation to a per- 35
fusing rhythm after resuscitation of the animal. A 2-level ANOVA
with repeated measures was used to compare defibrillation thresh- S 301
olds. The 2 levels were shock waveform and duration of fibrillation. 3
Again, the Student-Newman-Keuls multiple-comparisons test was 5 %5
used to compare means. S
5 2]
[
Results S 159
Protocol 1 8 o
Six dogs weighing 154 kg (mean=SD) were studied. The
defibrillation threshold was significantly lower for the quasi- 57
sinusoidal biphasic waveform (16:@.9 J) than for the 0]
truncated exponential biphasic waveform (20644 J), Cﬂt;a“v Damped SIQU”}; ) Elr::ml
which, in turn, was significantly lower than the critically Monophasi Biphasi Biphasic
dqmped sinusoidal monophasic waveform (27.4+6.0 J) figure 3. Mean EDs, for 3 waveforms tested in protocol 1. Each
(Figure 3). bar indicates mean delivered energy for a waveform, with SD

indicated by bracket. Defibrillation threshold for critically
damped sinusoidal biphasic waveform was significantly different
Protocol 2
I - . . . from EDsgs for other 2 waveforms. EDs, for truncated exponen-
The defibrillation threshold for the quaS|-S|nUSO|da| blphaS|C tial biphasic waveform was significantly different from that for

waveform was significantly lower than that for the critically critically damped sinusoidal monophasic waveform.
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140 humans when fibrillation was allowed to continue for 10

120 °""°a"‘f°‘"“"°""’_'°“°"_""°'° versus 20 seconds (115.9 versus 12.66.9 J, P=NS).
Quasl-Sinusoidal Biphasic Winkle et af° showed that in humans, the probability of

100 successful defibrillation with low-energy shocks (5.9 J) was

higher for ventricular fibrillation lasting 5 seconds than for

s
8
:ﬁ’ 80 ventricular fibrillation lasting 15 seconds, yet there was no
?  60] significant difference between the success rates of high-
§ energy shocks (24.2 J) delivered at the same 2 durations.
E» 40 Together, these results suggest that for ventricular fibrillation
20 durations up to 90 seconds, the defibrillation threshold for
monophasic waveforms increases with duration, whereas the
o results are inconclusive for biphasic waveforms.
15 sec § min However, the time before a defibrillation shock is admin-
Duration of Ventricular Fibrillation istered to individuals experiencing sudden cardiac arrest
Figure 4. Defibrillation thresholds in terms of energy for quasi- without an implantable cardioverter-defibrillator (the vast
sinusoidal biphasic waveform and critically damped sinusoidal majority of individuals) is much longer than 90 seconds.
monophasic waveform after 15 seconds and after 5 minutes of Studies have shown that the time from initiation of ventric-

fibrillation. Defibrillation threshold for biphasic waveform did not

change significantly with duration of fibrillation, whereas defibril- ular f|br|IIa_t|on tol gel'very_ of a_ defibrillation shock is at best
lation threshold for monophasic waveform was significantly dif- 6 to 12 minutes’* Very little is known about the effect of
ferent after 5 minutes of fibrillation vs after 15 seconds of fibril- several minutes of fibrillation on defibrillation energy re-
lation. In both cases, defibrillation threshold for biphasic quirements. This question becomes important as the concept
waveform was significantly different from that of monophasic “ . e 29

waveform. of “public access defibrillatior?® is implemented and

smaller, lighter defibrillators with new waveforms are devel-
Di . oped. One way to make defibrillators smaller and lighter is to
ISCUssion have their maximum shock size be smaller than the current

In terms of d_elive_red energy, bOth. types c.)f biphasic wave- sqq_j gandaré An important question is, how much energy
forms tested in this study, ie, quasi-sinusoidal and truncated need these defibrillators be capable of delivering so as to

exponential, required less delivered energy to defibrillate than rapidly defibrillate patients after prolonged intervals of ven-
the critically damped sinusoidal monophasic waveform for tricular fibrillation?

external defibrillation after 15 seconds of ventricular fibril- This Study found that the defibrillation threshold increased
lation. In addition, the quasi-sinusoidal biphasic waveform markedly with time during fibrillation for the monophasic

required less energy to defibrillate than the truncated expo- \\aveform tested. The defibrillation threshold was50%
nential biphasic waveform after 15 seconds of fibrillation 4 eater after 5 minutes of fibrillation than after 15 seconds of
(protocol 1). After 5 minutes of fibrillation, the quasi- fiyrjllation (Figure 4). The monophasic waveform tested, the
sinusoidal biphasic waveform defibrillated with less energy critically damped sinusoidal waveform, is the waveform used
than the critically damped sinusoidal monophasic waveform i, the majority of external defibrillators that are in use today.
(protocol 2). Conversely, the biphasic waveform tested in this study
increased only nonsignificantly between 15 seconds and 5
minutes of fibrillation. In addition, the defibrillation threshold
was much smaller for the biphasic than the monophasic
waveform at both durations of fibrillation. After 5 minutes of

Effect of Fibrillation Duration on Defibrillation
Energy Requirements
Only a few studies have examined the effects of the duration

of fibrillation on the defibrillation threshold. Most of these fibrillation, the defibrillation threshold for the monophasic

studies deal with internal defibrillation and with fibrillation |- eform was almost twice that for the biphasic waveform
durations of<1 minute!**In a dog model of defibrillation, (Figure 4).

using internal electrodes and bidirectional monophasic defi-

brillation pulses delivered along 2 pathways, Echt €t al Defibrillation Efficacy of Different Types of

showed that the energy necessary to defibrillate rose from Biphasic Waveforms

27+13 Jat5 seconds to #4114 J at 30 seconds of fibrillation.  Two different shapes of biphasic waveforms were examined
Jones et &t showed that in a working rabbit heart model of in this study: the truncated exponential waveform, similar to
defibrillation, both monophasic and biphasic waveform defi- that used in implantable cardioverter-defibrillatdfsand the
brillation thresholds increased with duration from 5 to 15 to quasi-sinusoidal waveform suggested by Gurvich and
30 seconds. At all durations, the biphasic threshold was lower Markaryche\ After 15 seconds of fibrillation, the ERfor
than the monophasic threshold. This difference increased each type of biphasic waveform was significantly lower than
with fibrillation duration. In a study using sequential trape- that for the monophasic waveform (Figure 3). In addition, the
zoidal defibrillation pulses in a pig model of defibrillation, EDs, for the truncated exponential biphasic waveform was

Fujimura et a° concluded that a delay in defibrillation ~~25% higher than for the quasi-sinusoidal biphasic
therapy of up to 90 seconds has no significant effect on the waveform.
ability to defibrillate the heart. Bardy et 'alfound no One major difference between the 2 biphasic waveforms is

difference between the mean defibrillation thresholds in that the truncated exponential waveform has an abrupt onset,
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with the leading edge of the waveform being almost a step waveforms were interleaved. However, once the threshold
function, whereas the quasi-sinusoidal waveform increaseswas determined for 1 waveform, all subsequent episodes were
more slowly with time after its onset. Several experimental used to determine the threshold for the other waveform. This
studies have demonstrated that waveforms with a more was usually the monophasic waveform.
gradual onset, such as an ascending ramp, have lower A limitation of both protocols is that the defibrillation
defibrillation energy requirements than waveforms with an patches were placed on the right and left sides of the thorax
abrupt onset to the maximum value, such as a square wave oiinstead of in the precordial or anterior-posterior configura-
descending ramff* tions that are more commonly used clinically. This was done
Modeling studies that represent stimulation or defibrilla- because the shape of the thorax differs in dogs and humans.
tion by the achievement of a particular minimum voltage Whereas the chest is relatively flat and broad in humans, it is
across a parallel resistor-capacitor network suggest that annarrow and V-shaped in dogs.
ascending waveform should require less energy than a de-
scending or square waveform if the rate of rise is within a Clinical Implications
certain range related to the time constant of the resistor- These data show that the energy requirements for defibrilla-
capacitor network! This resistor-capacitor network can also tion do not change significantly during the first 5 minutes of
be thought of as a low-pass filter that passes the lower fibrillation for the quasi-sinusoidal biphasic waveform tested
frequencies of the quasi-sinusoidal waveform better than thein this study. These results suggest that to be useful in the
high frequencies generated by the leading and trailing edgesprehospital setting, a clinical device using such a waveform

of the truncated exponential biphasic wavefdfm.

may not need the ability to deliver significantly more energy

The resistor-capacitor network can be used to choose anthan is necessary to defibrillate after a short period of

“optimal” first-phase duration for a truncated exponential
biphasic waveforn® If we define the optimal truncation
point for the first phase of a biphasic waveform as the time at
which the voltage across the network is at maximum, then for
a 280uF capacitor delivered into a 75-{dad, the optimal
truncation point should be9 ms. A 35% tilt waveform using
a 280uF capacitor and delivered into a Thload will have
a 9-ms duration. As a first approximation, choosing the
second phase of a biphasic waveform to be equal to the first
phase of the waveform is a good chotcEherefore, although
it has not been rigorously validated, the 35%/35% biphasic
waveform delivered from a 28QF capacitor is probably a
reasonable truncated exponential biphasic waveform to test.
One of the reasons to strive for a lower defibrillation energy
is to allow the production of new smaller, lighter external
defibrillators. A waveform that consistently defibrillates at a
lower energy should allow the construction of a smaller defibril-
lator. With present technology, however, it is easier to make a
small, light defibrillator using a truncated exponential biphasic
waveform than using the quasi-sinusoidal biphasic waveform,
even though defibrillation efficacy is slightly better for the
quasi-sinusoidal waveform. Improvements in technology may
make this difference less important in the future. These improve-
ments might include the use of new materials that will make
inductors smaller or the use of duty-cycle waveforms to shape
waveforms in new wayg.

Study Limitations
Two limitations of protocol 2 are that defibrillation thresholds

instead of probability-of-success curves were measured and ™

that 1 of the biphasic waveforms tested in protocol 1 was not
tested in protocol 2. The reason for these 2 limitations is that
it is not possible to give as many test shocks and fibrillation

episodes when each fibrillation episode lasts 5 minutes as
when each fibrillation episode lasts only 10 or 15 seconds.
Because of the possible cumulative effects of a number of
5-minute episodes of fibrillation, it is possible that the

defibrillation requirements changed during the course of the
experiments in protocol 2. For this reason, shocks for the 2

ventricular fibrillation. Studies are necessary to test whether
these animal model results carry over for prehospital cardiac
arrest in humans before we will know whether biphasic
external defibrillators may have a maximum energy capabil-
ity below the 360-J level currently indicated in AHA guide-
lines?® Furthermore, it is unknown whether the advantage
shown for the quasi-sinusoidal biphasic waveform would also
apply to the biphasic truncated exponential waveforms.
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