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Chapterr 4 Waveform Comparison 

ABSTRACT T 

Background d 

Evidencee suggests that biphasic waveforms are more effective than monophasic wave-
formss for defibrillation in out-of-hospital cardiac arrest (OHCA), yet their performance 
hass only been compared in an un-blinded fashion. 

Methodss and Results 

Wee compared the success of biphasic truncated exponential (BTE) and monophasic 

dampedd sine (MDS) shocks for defibrillation in OHCA in a prospective, randomised, 

doublee blind clinical trial. 

FirstFirst responders were randomly equipped with MDS and BTE automated external 

defibrillatorss (AEDs). Patients in ventricular fibrillation (VF) received BTE or MDS 

firstt shocks of 200 Joule (J). The ECG was continuously recorded for subsequent ana-

lysis.. The success of first shock as primary endpoint was removal of VF and required 

returnn of an organized rhythm of at least two QRS complexes, with an interval of < 5 

seconds,, within 1 minute after the first shock. Secondary endpoint was termination of 

666 VF at 5 seconds. 

VFF was the initial recorded rhythm in 120 patients in OHCA, 51 patients received 

BTEE and 69 received MDS shocks. The success rate of 200 J first shocks was signifi-

cantlyy higher for BTE than for MDS shocks, 35/51 (69%) and 31/69 (45%), p=0.01. 

Inn a logistic regression model the odds ratio of success for a BTE shock was 4.01 

(95%% CI 1.01-10.0), adjusted for baseline cardiopulmonary resuscitation, VF-amplitu-

dee and time between collapse and first shock. No difference was found with respect to 

thee secondary endpoint, termination of VF at 5 seconds (RR 1.07 95%CI: 0.99-1.11) 

andd with respect to survival to hospital discharge (RR 0.73 95%CI: 0.31-1.70). 

Conclusion n 

BTE-waveformm AEDs provide significantly higher rates of successful defibrillation 
withh return of organized rhythm in OHCA than MDS waveform AEDs. 



INTRODUCTION N 

Thee biphasic waveform is considered to be superior to the monophasic waveform in 

efficacyy and safety in termination of ventricular fibrillation (VF). Evidence for this 

superiorityy is derived from animal studies and from human studies in the electrophy-

siologyy laboratory [1-6]. Studies in the electrophysiology laboratory demonstrated 

thatt biphasic shocks had higher efficacy than monophasic shocks of the same energy 

orr that biphasic shocks with lower energy defibrillated as well as monophasic shocks 

andd with less ECG abnormalities. In animal laboratory studies, the depression of 

myocardiall  function was less after biphasic waveform defibrillation than after monop-

hasicc waveform defibrillation. In out-of hospital cardiac arrest (OHCA), duration of 

VFF is considerably longer than in the electrophysiology laboratory and VF is mostly 

associatedd with acute ischaemia, leading to a higher defibrillation threshold [7,8]. 

Clinicall  studies comparing biphasic and monophasic waveforms in OHCA are limited 

too one open, randomised and not blinded trial in which a group treated with two dif-

ferentt types of monophasic waveforms was compared with a group treated with bipha-

sicc shocks at a different energy setting [9]. This study found a higher defibrillation 

successs rate in the group shocked with the low energy biphasic waveform than in the 

mixed-waveform,, higher energy monophasic group. Low energy BTE waveform defi- 67 

brillationn is now considered a Class Ha recommendation [10], but it is not clear 

whetherr the benefit of biphasic waveforms is attributable to the waveform, to the 

lowerr energy delivery or both. We performed a study of defibrillation in out-of-hospi-

tall  cardiac arrest, comparing biphasic truncated exponential (BTE) waveform shocks 

withh monophasic damped sine waveform (MDS) shocks in a blinded and randomised 

fashionn in which the energy of the first shock was kept identical at 200 J and the out-

comee included the return of an organized rhythm. 

MATERIALL AND METHODS 

Patients s 
Thiss study included all patients in the study area between January 2000 and June 

2002,, in witnessed and un-witnessed cardiac arrest with VF as initial recorded 

rhythm,, and who received the first shock from an automated external defibrillator 

(AED)) by non-medical first responders. Excluded were patients with a traumatic car-

diacc arrest and patients in cardiac arrest below the age of 18 years. 
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Firstt responders and EMS organizations 
Whenn a cardiac arrest was suspected, the EMS dispatcher sent out two ambulances, 

immediatelyy followed by a police patrol or fire engine, in half of the cases equipped 

withh an AED. Before participating in this study the first responders never responded 

too medical emergencies, but were trained in CPR. They were trained in the use of the 

AEDD in a three and a half hour training session in a team of two persons and with a 

4:11 trainee: trainer ratio. Every 6 months retraining took place. The trained compres-

sion/ventilationn ratio was 15:2 and the first responders were instructed to count the 

chestt compressions loudly. CPR was given during preparation of the AED and as 

guidedd by the voice prompts. All ambulances were manned with a nurse/paramedic 

andd a driver who were qualified to perform advanced cardiopulmonary life support 

(ACLS),, according to a protocol comparable with the AHA/ ILCOR guidelines for 

ACLSS [11]. When the first responders with an AED reached the scene of the cardiac 

arrestt first, they applied the AED and delivered one or more shocks as advised by the 

AED.. After the EMS arrived at the scene they took over the resuscitation, connected 

thee electrodes to their own (biphasic or monophasic) device and used it if further 

shockss were necessary, using similar shock sequence as the AED (200 J, 200 J and 

3600 J, as needed for defibrillation). 

Studyy area 
Thee study area consisted of the city of Amsterdam and a large surrounding area. The 

firefire brigade served as first responders in the city of Amsterdam and the police served 

ass first responders in the surrounding regions. 

Randomisationn and blinding 
Duringg the study period 40 MDS and 40 BTE AEDs were randomly assigned to poli-

cee cars and fire engines. Every four months these AEDs were randomly relocated. The 

MDSS and BTE AEDs were of identical shape, size and design and all labelling refer-

ringg to the waveform were removed, ensuring true blinding to the waveform. After 

thee resuscitation, the stored ECG was downloaded and reviewed with data manage-

mentt software (Code Stat Suite 4.0, Medtronic Physio-Control, Redmond, WA, 

USA)) in which the waveform marker was removed to ensure blind rhythm analysis. 

Automatedd external defibrillators 
Al ll  AEDs were LIFEPAK 500, two-button version (Medtronic Physio-Control, 

Redmond,, WA, USA). The MDS waveform was generated with a 34 \i¥ capacitor, a 

300 mH inductor and an internal resistance of 11 Ohms. The BTE waveform was gene-



ratedd with a 200 uF capacitor and an internal resistance of 5 Ohms; both its duration 

andd voltage amplitude were adjusted to compensate for patient impedance. Over an 

impedancee range from 50 to 150 Ohms, first phase duration ranged from 7.2 to 10.9 

msec,, second phase duration ranged from 4.8 to 7.3 msec, and voltage for 200 J 

shockss ranged from 1450 to 1690 Volts. By design, the peak current of the 200 J 

biphasicc waveform was substantially lower than that of the 200 J monophasic wave-

form.. The shock protocol for both waveforms was 200 J, 200 J and 360 J for each 

shockk thereafter as needed for defibrillation. For recurrence of VF after an analysis 

indicatedd a non-shockable ECG rhythm, the AED repeated the energy level of the pre-

cedingg shock. 

Dataa collection 
Whenn the dispatch centre suspected a cardiac arrest one of the study data collectors (a 
teamm of trained fifth year medical students, working in shifts, covering 24h/day) was 
alarmedd and would travel to the scene and collected the data on the cardiac arrest. 
Theyy directly interviewed all persons involved, immediately after the resuscitation 
attempt,, to obtain data on the moment of the collapse, the witnesses, bystander CPR, 
thee sequence of events, the return of spontaneous circulation (ROSC) and admission 
too the hospital. The ECG and voice recordings from the AED were downloaded to a 
laptopp at the scene and the ECG from the manual defibrillators was printed out. Time 
off  call and arrival at the scene of first responders and EMS was obtained from the 
computerr of the dispatch centre. Deviations of defibrillator clocks and clocks in the 
dispatchh centre were corrected on the spot by comparison with radio-controlled wrist-
watches.. Date of death or discharge was obtained from hospital records. 

Endpoints s 
Thee first responders delivered at least one shock and, dependent on the moment of 

arrivall  of the EMS, a variable number of subsequent shocks for persistent or recurrent 

VF.. The primary endpoint of this study, shock success of the first shock, was defi-

nedd a priori as the termination of VF into an organized rhythm within one minute 

afterr shock delivery. Organized rhythm was defined as at least two QRS-complexes of 

similarr morphology, with a maximum distance of each other of 5 seconds, within the 

firstfirst minute after the first shock. Secondary endpoint was the termination of VF at 5 

secondss after the first shock.ECG classification and definitions. Two experienced phy-

sicianss performed a blinded analysis of the rhythm and shock success independently 

byy reviewing the computer-stored recordings of ECG. Consensus was sought for cases 

inn which the rhythm interpretation by the two experts differed. Rhythms were catego-
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rizedd as VF (a disorganized rhythm, with a median amplitude of >100uV), asystole 

(<100uV)) or organised rhythm (one or more QRS complexes). Amplitude of VF was 

measuredd 6 seconds before the first shock using the average peak amplitude method 

accordingg to Cummins [12]. The rhythm of the ECG was classified at 5, 20 and 60 

secondss after the first shock. When VF persisted or recurred within 60 seconds after 

thee first shock all classification after the VF persistence or recurrence were classified 

ass VF, irrespective of the delivery and results of consecutive shocks, We assumed that 

VFF could not have spontaneously resolved into an organized rhythm or to asystole 

withinn the maximum analysis time of one minute and our primary endpoint included 

thee success of the first shock only. The ECG and sound recordings of the AED were 

usedd to determine the moment when CPR was resumed by the first responders. 

Returnn of spontaneous circulation was defined as the return of a palpable pulse for at 

leastt 15 seconds. 

Ethics s 

Medicall  ethics committees from each participating hospital and EMS approved the 

studyy and considered the study exempt for informed consent prior to treatment. 

Medicall  authorization was obtained from patients or family members post resuscita-

tion,, and all consented to provide access to their medical records. 

Statisticall Analysis 
AA group sequential design was used to terminate the study, using the alpha spending 

approachh of Lan and DeMets [13] with a shape parameter of 0.3 [14]. Boundaries 

weree set for a maximum of four analyses, one after each series of 30 patients, and 

withh interim stopping only to reject the null hypothesis of no difference. The power 

off  the study was 0.8 after analysis of 120 patients.. The probability of shock success 

off  the MDS waveform was assumed to be 35% and of the BTE waveform to be 62%. 

Nominall  P-values in the interim analyses were calculated from the two-sided Fisher's 

exactt test. 

AA logistic regression analysis included as covariates: basic CPR performed, VF-

amplitude,, time between collapse and first shock and waveform. The dependent varia-

blee was shock success. 

Differencess in proportion were expressed as relative risks with 95%» confidence inter-

vals.. Time intervals are expressed in medians and 25%-75% percentiles. P-values for 

proportionss were calculated with the Chi-square statistics, and the Students-t test or 

Mann-Whitneyy U test was used for continuous variables. These analyses were perfor-

medd in SPSS 10.0 for the Apple Macintosh. 



RESULTS S 

Enrolment t 
Thee study was carried out as planned with three interim analyses for efficacy after a 
totall  of 30, 60 and 90 patients. As the boundaries were not crossed at these interim 
analyses,, the study was closed after the inclusion of the preplanned maximum of 120 
patients. . 
Inn the 29 months of data collection, the AED was attached to 217 patients in a car-
diacc arrest. Of these patients 123/217 (57%) had a shockable initial rhythm (all VF). 
Thee AED recognized this rhythm and delivered a shock in 120/123 patients (sensiti-
vityy of the AED 98%). In one patient the AED did not recognize the initial non-shoc-
kablee rhythm (bradycardia) and delivered a shock (specificity of the AED 99%). 
Sixty-ninee out of 120 patients in VF were shocked with a MDS waveform AED and 
51/1200 with a BTE waveform AED. The baseline characteristics of these two groups 
aree comparable as shown in table 1. The time from collapse to first shock and from 
calll  to first shock tended to be longer in the BTE group than in the MDS group, 
p=0.088 and p=0.051, respectively. 

Outcome e 
Thee outcomes of the primary and secondary endpoint as well as patient outcomes are 
shownn in table 2. The success rate, defibrillation with return of an organized rhythm, 
off  the first shock of 200 J was 1.5 times higher for BTE (35/51, 69%) than for MDS 
shockss (31/69, 45%), RR 1.53 (95% CI 1.11-2.10). 

ROSCC after a single AED shock occurred in 11/69 (16%) patients in the MDS group 
andd 13/51 (25%) patients in the BTE group (p=0.19). In 2/69 (3%) patients in the 
MDSS group and 3/51 (6%) patients in the BTE group no ALS was needed to achieve 
ROSCC (p=0.4). The mean time from first shock to resumption of CPR by the first 
responderr was 39 seconds (range: 20-164 seconds) in the MDS group and 40 seconds 
(range:: 20-131 seconds) in the BTE group. CPR was not resumed within 20 seconds 
afterr the first shock in any of the patients because this time was needed for rhythm 
analysiss by the AED, the voice-prompts directing to check for signs of circulation 
andd for initiation of CPR. The rates of overall ROSC, admission to the hospital, and 
dischargee from hospital were not significantly different between patients in the MDS 
andd BTE groups. 

Figuree 1 shows the rhythm distribution in the first minute after the first shock. During 
thatt minute, a higher percentage of patients treated with a single BTE shock were in an 
organizedd rhythm; by the end of the minute, 41% treated with a single BTE shock 
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Tablee 1. Baseline data for patients in cardiac arrest presenting with ventricular fibrillation 
treatedd with a monophasic or biphasic defibrillator 

72 2 

Variable e 

Patients s 

Age,, year, D (range) 

Gender,, n (%) 

Weight,, kg, D 

Witnessedd cardiac arrest, n (%) 

Bystanderr CPR, n (%) 

Collapsee to first shock, minutes, mediann (range)* 

Calll  to first shock, minutes, median (range)t 

VF-amplitudee before first shock, uV, mean D 

Timee from first shock to take over 

mediann (range) 

off  EMS, seconds, 

Totall  amount of AED shocks, median (range) 

Totall  amount of EMS shocks, median (range) 

EMSS shock of other waveform, nn (%)| 

Monophasicc Damped 

Sinee waveform 

69 9 

33 (31-81) 

55(80)) male; 14(20) female 

1 1 

666 (96) 

399 (57) 

9(2-19) ) 

8(2-15) ) 

5700 1 

180(12-771) ) 

11 (1-6) 

5(0-18) ) 

7(10) ) 

Biphasicc Truncated 

Exponentiall  waveform 

51 1 

11 (45-93) 

41(80)) male; 10(20) fem 

9 9 

499 (96) 

26(51) ) 

111 (2-21) 

8(3-15) ) 

5699 3 

150(18-568) ) 

11 (1-3) 

33 (0-28) 

288 (55) 

**  This time interval was only known for the patients with a witnessed cardiac arrest, 
tt In two patients in the MDS group the first responders witnessed or encountered the cardiac arrest wit-
houtt a cardiac arrest dispatch and delivered the first shock prior to the call to the EMS dispatch center. 
%% The number of patients who received consecutive shock(s) by the EMS of an other type of waveform 
thann the AED shock(s). 

weree in an organized rhythm compared with only 20 percent of those receiving a sing-
lee MDS shock (p=0.01). This higher percentage of organized rhythm in the BTE 
groupp is accompanied by a relative absence of asystole in that group. The rate of VF 
recurrencee in the first minute after the first shock was 29/63 (46%) in the MDS group 
andd 21/50 (42%) in the BTE group. 



Tablee 2. Endpoints and patient outcome 

Shockk success*, n (%) 

Terminationn of VF at 5 seconds 

afterr first shock, n (%) 

Returnn of spontaneous circula-

tion,, n (%)t 

Admissionn to hospital, n (%)t 

Dischargee from the hospital, n(%)t 

Monophasicc Damped 

Sinee waveform n=69 

311 (45%) 

633 (91%) 

455 (65%) 

333 (48%) 

133 (19%) 

Biphasicc Truncated 

Exponentiall  wave-

formm n=51 

355 (69%) 

500 (98%) 

311 (61%) 

200 (40%) 

77 (14%) 

P-value e 

0.01 1 

0.12 2 

0.62 2 

0.35 5 

0.46 6 

RRR (95%CI) 

BTE/MDS S 

1.53(1.11-2.10) ) 

1.07(0.99-1.14) ) 

0.93(0.70-1.23) ) 

0.82(0.54-1.25) ) 

0.73(0.31-1.70) ) 

T hee primary study endpoint, shock success was defined as the termination of VF after the first shock 
andd the return of an organized rhythm within the first minute after the shock, with at least two QRS-com-
plexess < 5 seconds apart. 
tt For these outcomes, many patients have received different defibrillation waveform therapy from the 
EMSS than they did from the first responder AED. 

MDSS waveform, n=69 
100 0 

BTEE waveform, n=51 

organizedd rhythm 

asystole e 

Figuree 1. Rhythm in the first minute 
afterr the first shock. 
Analysess were done at 5, 20 and 60 
secondss after the first shock. The 
biphasicc truncated exponential group 
showss a higher percentage of orga-
nizedd rhythm at all time points, with 
especiallyy reduced prevalence of 
asystole.. No difference between the 
twoo groups on rate of vf recurrence 
iss demonstrated. Analysis before 5 
secondss was not possible because of 
shockk artifacts and unstable ECG 
baseline. . 

73 3 

 organized rhythm 

GG asystole 

DD VF 
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Tablee 3. Logistic regression analysis of first shock success (n=120). 

Parameter r Estimate e 

Interceptt -0.46 

Bystanderr CPR* 0.76 

VFF amplitude (perl 00 uV) 0.17 

Timee to first shock (per minute) -0.12 

BTEE waveform 1.41 

ORR (95% CI) 

2.13(0.93-4.87) ) 

1.18(0.08-1.42) ) 

0.88(0.78-1.00) ) 

4.011 (1.67-10.0) 

P-vah h 

0.72 2 

0.07 7 

0.08 8 

0.05 5 

0.002 2 

74 4 

Thee shock success was defined as in table 2. 
*CPRR denotes cardiopulmonary resuscitation 

Controll of potential confounding 
Thee results from the logistic regression analysis are shown in table 3. The odds ratio of 
shockk success for BTE versus MDS waveform shocks was 4.0 after adjustment for a 
bystanderr giving CPR, VF amplitude and time to first shock. 

DISCUSSION N 

Thiss study provides the first blinded and randomised comparison of biphasic and 
monophasicc waveforms for defibrillation in out-of-hospital cardiac arrest, and the first 
randomisedd study in that setting to compare biphasic to monophasic damped sine 
shocks.. The most important and novel finding of this study is that, although both 
waveformss were highly effective at terminating VF, the BTE waveform shocks provi-
dedd a significantly higher rate of return of an organized rhythm after the first shock in 
OHCAA than MDS waveform shocks of the same energy. 

Inn contrast to the only other randomised study that compared biphasic and monopha-
sicc shocks in OHCA, this study found that both the biphasic and the monophasic 
shockss were highly effective at terminating VF for 5 seconds. The randomised study 
byy Schneider et al. found that monophasic shocks provided a lower rate of termina-
tionn of VF at 5 seconds than biphasic shocks (59% vs. 96%, pO.0001), yet we found 
noo significant difference (91% vs. 98%, p=0.12). The waveforms we studied are diffe-
rentt than those compared by Schneider et al. Eighty percent of the Schneider monopha-
sicc group were treated with monophasic truncated exponential (MTE) rather than MDS 



shocks.. There is mounting evidence that those shocks have lower defibrillation effica-
cyy than MDS shocks [15,16], which may explain the earlier findings that the monop-
hasicc shocks provided inferior rates of defibrillation (termination of VF for 5 seconds) 
andd ROSC. The biphasic waveforms in the two studies also differ; both are BTE 
waveforms,, but the waveform we studied exposes patients to less peak-current at 200 
JJ than the 150 J biphasic shocks studied by Schneider et al [17]. 
Inn the results of the present study, although there is a trend toward a higher rate of 5-
secondd termination of VF in the biphasic group, the more striking difference is in the 
proportionn of patients returning to an organized rhythm within one minute. It has 
beenn shown experimentally that there is a shorter interval of standstill after biphasic 
shockss than after monophasic shocks of the same amplitude [18,19]. Similarly, it has 
beenn shown that shocks of higher amplitude cause longer periods of standstill. Our 
resultss suggest that, in OHCA as well, relatively low current BTE waveform shocks 
mayy allow the myocardial cells to come more rapidly to pulse formation and/or con-
ductionn than higher current MDS shocks. 

Theree is no uniform definition of shock success although removal of VF into any 
otherr rhythm is advocated [20]. The AHA/ ILCOR guidelines propose as a definition 
off  successful defibrillation the absence of VF at 5 seconds after shock delivery [10], 
ann endpoint, which is not influenced by other subsequent interventions, such as chest 7 5 

compressionn and ventilation. If one theorizes that all of the effect of a defibrillation 
shockk is evident within that short time interval, then this definition is adequate and 
convenientlyy insensitive to other interventions. On the other hand, if defibrillation 
shockss continue to affect the physiologic response for longer than 5 seconds, different 
typess of shocks with similar 5-second success rates could have different effects on 
outcomee [18,19], This is demonstrated to be the case in the results of the present 
study,, where both waveforms provided similar high rates of success at 5 seconds, yet 
onee waveform was markedly better at promoting or allowing return of an organized 
rhythmm shortly thereafter. The 5-second endpoint classifies a shock resulting in asy-
stolee as positively as a shock resulting in an organized rhythm, and therefore the 5-
secondd endpoint fails to acknowledge that the return of an organised rhythm is a pre-
requisitee for successful resuscitation. We believe therefore, that inclusion of the 
returnn of an organized rhythm in the definition of our endpoint is clinically relevant. 
Ourr study had blinded and randomised allocation of AEDs. Therefore, it is unlikely 
thatt other factors, which could influence myocardial condition, have influenced the 
observedd higher rate of return of organized rhythm. In addition, the time interval from 
thee first shock to the resumption of CPR was equal for the two groups, thus re-initia-
tionn of CPR after shock delivery could not have influenced our study endpoint. 
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Moreover,, logistic regression analysis allowed the estimation of the independent effect 

off  the waveform, controlling the potential confounding of the covariates. 

Thee comparison of monophasic and biphasic waveforms is complicated by the use of 

differentt energy settings and different monophasic and biphasic waveforms. Other stu-

diess of the effect of waveforms in OHCA employed a fixed energy of 150 J for the 

biphasicc waveform and escalating energy, starting at 200 J, for the monophasic wave-

formss [9,21]. Our study was designed to investigate the potential benefit of the BTE 

waveform,, keeping all other factors identical, including the energy of 200 J for the 

firstt shock. 

Limitations s 
Althoughh randomisation was done on an AED level, the large number of AEDs (80) 

relativee to the number of patients (120) and the frequent re-allocation of AEDs virtu-

allyy resulted in a patient-level randomisation. Combined with the blinded allocation, 

itt is unlikely that other factors, which could influence myocardial condition, have inf-

luencedd the observed higher rate of return of organized rhythm. Moreover, logistic 

regressionn provided no evidence that the effect of waveform on the success probability 

wass confounded upwardly by other variables. 

766 This study was powered to show differences in defibrillation success only and not in 

patientt outcome, which indeed could not be demonstrated. After the first shock the 

treatmentt allocation was mixed because the electrodes were connected to different defi-

brillatorss after the arrival of the EMS at the scene. If additional shocks were needed 

too defibrillate persistent or recurrent VF, they were delivered by the EMS with a 

MDSS or BTE manual defibrillator. Meaningful outcome analysis could therefore only 

bee confined to the success of the first shock; reported outcomes of the two groups 

beyondd this endpoint reflect mixed monophasic and biphasic therapy. 

Conclusions s 
Thiss blinded and randomised study in out-of-hospital cardiac arrest demonstrated that 

thee biphasic truncated exponential waveform with impedance compensation is superi-

orr to the monophasic damped sine waveform in its ability to defibrillate and yield 

returnn of an organized rhythm. Further research is needed, using similar methodolo-

gies,, to define optimal energy sequences for biphasic defibrillation in out-of-hospital 

cardiacc arrest. 
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