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We evaluated ventricular fibrillation frequency and
amplitude variables to predict successful countershock,
defined as pulse-generating electrical activity. We also
elucidated whether bystander cardiopulmonary resus-
citation (CPR) influences these electrocardiogram
(ECG) variables. In 89 patients with out-of-hospital car-
diac arrest, ECG recordings of 594 countershock at-
tempts were collected and analyzed retrospectively. By
using fast Fourier transformation analysis of the ven-
tricular fibrillation ECG signal in the frequency range
0.333–15 Hz (median [range]), median frequency, dom-
inant frequency, spectral edge frequency, and ampli-
tude were as follows: 4.4 (2.4–7.5) Hz, 4.0 (0.7–7.0) Hz,
7.7 (3.7–13.7) Hz, and 0.94 (0.24–1.95) mV, respectively,
before successful countershock (n � 59). These values
were 3.8 (0.8–7.7) Hz (P � 0.0002), 3.0 (0.3–9.7) Hz (P �
0.0001), 7.3 (2.0–14.0) Hz (P � 0.05), and 0.53 (0.03–3.03)

mV (P � 0.0001), respectively, before unsuccessful
countershock (n � 535). In patients in whom bystander
CPR was performed (n � 51), ventricular fibrillation
frequency and amplitude before the first defibrillation
attempt were higher than in patients without bystander
CPR (n � 38) (median frequency, 4.4 [2.4–7.5] vs 3.7
[1.8–5.3] Hz, P � 0.0001; dominant frequency, 3.8 [0.9–
7.7] vs 2.6 [0.8–5.9] Hz, P � 0.0001; spectral edge fre-
quency, 8.4 [4.8–12.9] vs 7.2 [3.9–12.1] Hz, P � 0.05; am-
plitude, 0.79 [0.06–4.72] vs 0.67 [0.16–2.29] mV, P �
0.0647). Receiver operating characteristic curves dem-
onstrate that successful countershocks will be best dis-
criminated from unsuccessful countershocks by ven-
tricular fibrillation amplitude (3000-ms epoch). At 73%
sensitivity, a specificity of 67% was obtained with this
variable.

(Anesth Analg 2001;93:1428–33)

Current international guidelines for management
of ventricular fibrillation lack practical, reliable,
real-time, and, especially, noninvasive variables

to guide countershock strategies and concurrent drug
therapy during cardiopulmonary resuscitation (CPR).
In fact, the timing for defibrillation attempts recom-
mended in the current CPR guidelines (1) is not based
on scientific evidence and does not address individual
response to therapy. Without any information on the

situation in the myocardium, the window of opportu-
nity to convert ventricular fibrillation into a supraven-
tricular rhythm (SVR) may simply be missed and the
patient dies, whereas in another case, a single lucky
shock may be the key to survival. Thus, a noninvasive
variable obtained during CPR that could reliably pre-
dict countershock success would be highly desirable.

In animal studies, the noninvasive variables median
frequency, dominant frequency, and amplitude from
the ventricular fibrillation electrocardiogram (ECG)
signal correlate with myocardial blood flow during
CPR and reliably predict defibrillation success (2–5).
In patients undergoing open heart surgery or with
out-of-hospital cardiac arrest, ventricular fibrillation
median frequency, dominant frequency, and ampli-
tude are predictive of successful countershock, which
was, however, defined only as a stable SVR (6,7).
Unfortunately, most studies evaluating defibrillation
success lack fundamental, important information,
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namely, whether successful defibrillation resulted in
an SVR with or without return of spontaneous circu-
lation and stable arterial blood pressure. In our previ-
ous reports, for example, we were unable to obtain
this information because either patients were on car-
diopulmonary bypass so that individual cardiocircu-
latory variables could not be measured or exact arte-
rial blood pressure data were not available in out-of-
hospital cardiac arrest patients. Thus, to improve
evaluation validity of defibrillation success, an end
point that correlates not only with a certain ECG
rhythm, but also with return of spontaneous circula-
tion, would be strongly desirable. The purpose of this
study, therefore, was to assess, in patients with out-
of-hospital cardiac arrest, whether ventricular fibrilla-
tion median frequency, dominant frequency, spectral
edge frequency, or amplitude variables are predictive
of a successful countershock, defined as subsequent
coordinated electrical activity with return of sponta-
neous circulation of any duration, as recorded in a
regular Utstein registry (8). Our hypothesis was that
there would be no difference between variables with
regard to study end points.

Methods
Approval for this study was obtained from the Re-
gional Committee for Research Ethics, Health Region
III, Oslo, Norway, and the Norwegian Data Inspector-
ate. The data are part of an observational prospective
study of patients with out-of-hospital cardiac arrest (9)
between February 21, 1996, and April 4, 1997, when
advanced cardiac life support management, patient
ECG, and demographic data were documented for
this study. Oslo, the capital of Norway, has a popula-
tion of approximately 500,000 and an emergency med-
ical service with an average response time of 8 min (9).
Advanced cardiac life support was performed by
paramedics and emergency physicians of the Oslo
emergency medical service according to recommenda-
tions of the European Resuscitation Council (10). In
brief, the first three countershocks were performed
with an energy level of 200, 200, and 360 J; all subse-
quent countershocks were performed with an energy
level of 360 J. A semiautomatic defibrillator (Heart-
start 3000; Laerdal, Stavanger, Norway) was used for
countershock therapy and simultaneous on-line
recording.

The self-adhesive ECG/defibrillation electrodes were
attached on the patient’s skin to conform with standard
lead II configuration. The ECG data were stored in med-
ical control modules in digitized form (sampling rate,
100 Hz; frequency resolution, 0.33 Hz), including
defibrillator-related log data up to a total duration of
20 min. A noncommercial software package (Graphical
User Interface) developed in a MATLAB (Mathworks,

Nantucket, MA) environment, was used for high-
performance numeric computation and visualization. In
particular, all ECG data were transformed into analog
ECG tracings, including medical control module log
data, in which cardiac rhythm before and after each
countershock attempt was identified. After a CPR at-
tempt, Utstein-style related demographic data of the car-
diac arrest patient and advanced cardiac life support
management were entered into a database by one of the
authors (KS); subsequently, analog ECG tracings were
systematically reviewed by three investigators. Thus,
postcountershock ECG rhythms, return of spontaneous
circulation, and advanced cardiac life support time in-
tervals were interpreted. They were then linked with the
medical control module and data of the exact advanced
cardiac life support procedures of each individual.

The predominant rhythm within the first 10 s after
each shock was categorized as follows: 1) persistent
ventricular fibrillation, 2) SVR (narrow QRS rhythm or
wide QRS rhythm with associated or disassociated
atrial activity) with a pulse, 3) idioventricular
rhythm/pulseless electrical activity (EMD) (wide QRS
rhythms at any rate, but no atrial activity present), and
4) asystole. A countershock was regarded as success-
ful when ventricular fibrillation was converted to an
SVR, generating a pulse regardless of the duration
without continuing CPR. The decision of whether a
certain cardiac rhythm was generating a pulse was
based on the Utstein guidelines. By use of the mathe-
matical software package MATLAB, the fast Fourier
transformation, a processing method that enables di-
viding a periodic signal into its frequency compo-
nents, was used for analyzing frequency content for an
arbitrary period of the ventricular fibrillation ECG
signal just before a given countershock. Accordingly,
median frequency, dominant frequency, and edge fre-
quency are single-valued variables that describe the
frequency distribution of the resulting power spec-
trum. Median frequency is the frequency at which half
of the power of the spectrum is above and half below.
Dominant frequency is the frequency corresponding
to the power spectrum maximum, and edge frequency
is the frequency below which 95% of the area under
the power spectrum curve resides. In addition, mea-
surement of amplitude was made from the original
time domain ECG signal by calculating the difference
between the maximum and the minimum amplitude
for each segment of the ECG just before the counter-
shock. Frequency and amplitude content for each
3000- and 9000-ms period immediately before a given
countershock were analyzed. Each countershock was
analyzed as an independent event, because the pur-
pose of this study was to predict the result of each
countershock independent of clinical variables that
may affect outcome. Because a witnessed collapse,
bystander CPR, or both may have an important effect
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on ECG variables and subsequent outcome, these vari-
ables were determined throughout the 3000-ms inter-
val before the very first defibrillation attempt and
analyzed separately.

Variables were checked for normal distribution by
using a Kolmogorov-Smirnov test with the Lilliefors
correction. Because most variables showed small but
significant deviations from normal distribution, we
used nonparametric testing and median (range) for
describing the data. A Kolmogorov-Smirnov z-test
was used to assess significant differences in these
variables regarding the result of the countershock,
witnessed collapse, and bystander CPR. For investi-
gating correlations between ventricular fibrillation
ECG variables and arrest time, the correlation coeffi-
cient of Spearman (r) was used. Statistical difference
was considered at P � 0.05. Receiver operating char-
acteristic (ROC) curves, including the areas under the
curves (AUC), were performed to evaluate sensitivity
and specificity for different thresholds of the ECG
variables with regard to successful versus unsuccess-
ful countershocks. An ROC curve demonstrates the
relationship of sensitivity and specificity at various
points and shows how well successful countershocks
will be discriminated from unsuccessful counter-
shocks by each ECG variable. An AUC of 1.0 would
represent a perfect discrimination; an AUC of 0.5 re-
fers to a case with no discrimination at all.

Results
During the study period, 594 countershocks were per-
formed in 89 patients; 59 (9.9%) shocks resulted in an
SVR with a pulse (Table 1). With a frequency range of
0.333–15 Hz, values of median frequency, dominant
frequency, and amplitude during the 3000- and
9000-ms period before the 59 successful countershocks
were significantly higher than those before the 535
unsuccessful countershocks (Table 2). The areas under
the ROC curves for each ECG variable are shown in
Table 3 and demonstrate that successful counter-
shocks will be best discriminated from unsuccessful
countershocks by the ventricular fibrillation ampli-
tude (3000-ms epoch). At 73% sensitivity, a specificity
of 67% was obtained with this variable at a threshold
value of 0.73 mV (Table 4).

Fifty-nine shocks resulted in an SVR, 214 shocks in
EMD, and 79 shocks in asystole, whereas ventricular
fibrillation persisted after 242 shocks. Median (range)
of median frequency, dominant frequency, spectral
edge frequency, and amplitude of ventricular fibrilla-
tion during the 3000-ms epoch before the first defibril-
lation attempt resulting in an SVR were 4.4 (2.4–7.5)
Hz, 4.0 (0.7–7.0) Hz, 7.7 (3.7–13.7) Hz, and 0.94 (0.26–
1.95) mV, respectively. In contrast, median frequency,
dominant frequency, spectral edge frequency, and am-
plitude before unsuccessful defibrillations were 3.9

(1.4–7.7) Hz (P � 0.001 versus SVR), 3.0 (0.3–8.0) Hz
(P � 0.0001 versus SVR), 7.7 (2.8–12.4) Hz (not signif-
icant), and 0.64 (0.05–3.04) mV (P � 0.0001 versus
SVR), respectively, when persistent ventricular fibril-
lation resulted; 3.8 (0.9–7.3) Hz (P � 0.0001 versus
SVR), 3.2 (0.3–9.7) Hz (P � 0.0001 versus SVR), 7.3
(2.0–13.3) Hz (not significant), and 0.55 (0.03–2.80) mV
(P � 0.0001 versus SVR), respectively, when EMD
resulted; and 3.8 (0.9–6.4) Hz (P � 0.01 versus SVR),
3.0 (0.3–8.3) Hz (P � 0.001 versus SVR), 7.3 (3.0–11.7)
Hz (not significant), and 0.48 (0.05–1.96) mV (P �
0.0001 versus SVR, P � 0.05 versus ventricular fibril-
lation and EMD), respectively, when asystole resulted.

In patients for whom bystander CPR was performed
(n � 51), ventricular fibrillation frequency variables
during the 3000-ms epoch before the first defibrillation
attempt were significantly higher than in patients
without bystander CPR (n � 38) (median frequency,
4.4 [2.4–7.5] vs 3.7 [1.8–5.3] Hz, P � 0.0001; dominant
frequency, 3.8 [0.9–7.7] vs 2.6 [0.8–5.9] Hz, P � 0.0001;
spectral edge frequency, 8.4 [4.8–12.9] vs 7.2 [3.9–12.1]
Hz, P � 0.05). With respect to ventricular fibrillation
amplitude, there was a marked trend toward in-
creased values in patients with bystander CPR (0.79
[0.06–4.72] vs 0.67 [0.16–2.29] mV; P � 0.0647).

In comparison to patients with unwitnessed col-
lapse, ventricular fibrillation amplitude values in pa-
tients with witnessed arrest were significantly higher
(0.83 [0.18–4.27] mV vs 0.34 [0.06–2.94] mV; P � 0.01),

Table 1. Patient Characteristics of 89 Patients Undergoing
Advanced Cardiac Life Support in the Oslo, Norway,
Emergency Medical Service Between February 21, 1996,
and April 4, 1997

Variable Data

Age (yr) 68.5 (18–96)
Male sex (n) 74 (83%)
Arrest because of cardiac cause (n) 69 (78%)
Arrest because of noncardiac cause (n) 20 (22%)
Collapse witnessed (n) 71 (80%)
Collapse unwitnessed (n) 18 (20%)
Bystander CPR performed (n) 51 (57%)
No bystander CPR performed (n) 38 (43%)
Presenting ECG rhythm ventricular

fibrillation (n)
59 (66%)

Presenting ECG rhythm asystole (n) 25 (28%)
Presenting ECG rhythm other or

unknown (n)
5 (6%)

Interval collapse first defibrillation
(min)

14 (0–34)

Interval CPR initiation first
defibrillation (min)

6.0 (0–32.5)

Successful defibrillation: rhythm and
pulse (n)

59 (9.9%)

Unsuccessful defibrillation: no rhythm,
no pulse (n)

535 (90.1%)

All data are given in median (range) or n (%). CPR � cardiopulmonary
resuscitation; ECG � electrocardiogram.
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whereas no significant difference in ventricular fibrilla-
tion frequency variables was found between these
groups (data not presented). In patients with witnessed
collapse, there was a weak but significant negative
correlation between cardiac arrest time and dominant

frequency (r � �0.23; P � 0.05; n � 71) and ventricular
fibrillation amplitude (r � �0.47; P � 0.0001; n � 71), but
not between cardiac arrest time and median frequency
(r � �0.14; P � 0.17; n � 71) or spectral edge frequency
(r � �0.14; P � 0.18; n � 71) before the first countershock
attempt. In patients with witnessed arrest, there was a
trend toward increased success rate of the first counter-
shock (restoration of spontaneous circulation rate, 10 of
71 vs 0 of 18) in comparison to patients with unwit-
nessed collapse (�2 � 0.09).

Discussion
Analysis of 594 shocks performed in 89 patients with
out-of-hospital cardiac arrest indicates that successful
countershocks will be best discriminated from unsuc-
cessful countershocks by ventricular fibrillation am-
plitude; namely, a 73% sensitivity and a specificity of
67% were obtained with this variable. Furthermore,
bystander CPR increased ventricular fibrillation fre-
quency and amplitude variables. It is interesting that
there were significant differences in ventricular fibril-
lation amplitude, but not in frequency variables, be-
tween witnessed and unwitnessed collapse.

The results of our study are in full agreement with
the results of several previous laboratory investiga-
tions that have demonstrated that ventricular fibrilla-
tion amplitude, median frequency, and dominant fre-
quency before successful defibrillation attempts were
significantly higher than those before unsuccessful
countershocks. This study further confirms clinical
observations that in patients with coarse ventricular
fibrillation, countershock success is more likely than in
patients with fine ventricular fibrillation (11). The bur-
den of evidence for a given CPR intervention is usu-
ally at least hospital admission, but hospital discharge
should not be lost as the true goal of CPR (1). It is
interesting that these rules have not been applied in
some recent defibrillation studies, in which the end

Table 2. Ventricular Fibrillation Frequency and Amplitude Variables During a 3000- and 9000-ms Period Before
Successful and Unsuccessful Countershocks in the Frequency Range 0.333 to 15 Hz

Electrocardiogram
variable

Successful (n � 59) Unsuccessful (n � 535)

P valueMedian Range Median Range

3000-ms period
MF (Hz) 4.4 2.4–7.5 3.8 0.8–7.7 0.0002
DF (Hz) 4.0 0.7–7.0 3.0 0.3–9.7 �0.0001
EF (Hz) 7.7 3.7–13.7 7.3 2.0–14.0 0.0228
A (mV) 0.94 0.24–1.95 0.53 0.03–3.03 �0.0001

9000-ms period
MF (Hz) 4.6 2.1–6.7 3.9 1.5–7.5 0.0004
DF (Hz) 4.0 0.7–7.3 3.1 0.2–9.1 �0.0001
EF (Hz) 8.1 3.6–12.9 7.7 2.4–12.6 0.4505
A (mV) 1.08 0.34–2.09 0.70 0.06–4.72 �0.0001

MF � median frequency; DF � dominant frequency; EF � edge frequency; A � amplitude.

Table 3. Area Under the Receiver Operating
Characteristic (ROC) Curve of Electrocardiogram Variables
for Prediction of Countershock Success

ECG variable
Area under the ROC curve
(95% confidence interval)

3000-ms period
MF (Hz) 0.664 (0.598–0.730)
DF (Hz) 0.662 (0.600–0.724)
EF (Hz) 0.578 (0.498–0.659)
A (mV) 0.738 (0.678–0.798)

9000-ms period
MF (Hz) 0.663 (0.593–0.733)
DF (Hz) 0.692 (0.631–0.752)
EF (Hz) 0.567 (0.487–0.646)
A (mV) 0.730 (0.670–0.791)

ECG � electrocardiogram; MF � median frequency; DF � dominant
frequency; EF � edge frequency; A � amplitude.

Table 4. Optimal Electrocardiogram Variable Thresholds
with Regard to Countershock Evaluated by Receiver
Operating Characteristic Analysis

Electrocardiogram
variable Threshold

Sensitivity
(%)

Specificity
(%)

3000-ms period
MF (Hz) 3.9 78 52
DF (Hz) 3.2 81 51
EF (Hz) 8.8 44 76
A (mV) 0.73 73 67

9000-ms period
MF (Hz) 4.1 71 57
DF (Hz) 2.8 92 42
EF (Hz) 9.4 29 82
A (mV) 0.83 80 63

MF � median frequency; DF � dominant frequency; EF � edge frequency;
A � amplitude.
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point of several studies of mono- versus biphasic de-
fibrillation, for example, has been termination of ven-
tricular fibrillation, but not return of spontaneous cir-
culation (12). Thus, EMD would be interpreted as a
success, which clinically certainly would be false and
could cause a significant statistical error. Results of
some human studies evaluating ventricular fibrillation
wave forms therefore remain open to discussion, be-
cause it is not known whether a postshock SVR was
associated with spontaneous circulation or not. In this
article, we defined successful defibrillation as an SVR
combined with a palpable pulse, arterial blood pres-
sure, or both; as such, both median and dominant
frequencies before successful versus unsuccessful
countershocks were significantly higher. Accordingly,
evaluation of ventricular fibrillation variables alone or
in combination can serve as an objective noninvasive
measurement for predicting not only electrical success
as termination of ventricular fibrillation (2,4,5), but
also return of spontaneous circulation. Although these
results are promising, the predictive values of median
frequency and amplitude variables in this study sam-
ple were disappointingly low and clearly inferior to
results reported by our working group (7) and others
(13). It could be that besides outcome definitions, fre-
quency band measurements, study design, or data set
size, the more sophisticated data acquisition possible
in the laboratory setting as compared with that in
clinical studies, such as sampling rates of 1000 vs 100
Hz, and 12- vs 8-bit resolution, is the main underlying
reason for this discrepancy. Because of the large sam-
ple size in our database, the results of our study nev-
ertheless seem reliable.

Most of the previous studies evaluating ventricular
fibrillation wave forms have not addressed the dura-
tion of basic or advanced cardiac life support. This
may be of fundamental importance, because by-
stander CPR or interventions administered by the
emergency medical service may, of themselves, have
an important effect on defibrillation success or failure.
For example, defibrillating a nonperfused fibrillating
heart is an established model to produce postcounter-
shock EMD (14), whereas three minutes of basic life
support before countershock, instead of immediate
defibrillation upon arrival of rescuers at the scene,
correlated with significantly improved short-term sur-
vival in a recent large clinical study (15). This could
indicate that basic life support contributes more to
defibrillation success than previously thought. In fact,
in a recent laboratory study, we have shown that three
minutes of basic life support improved median fre-
quency to a level that usually correlates with success-
ful defibrillation (16). The data of the present study are
in agreement with these observations, because by-
stander CPR increased ventricular fibrillation median
and dominant frequency from 3.7 (1.8–5.3) Hz to 4.4
(2.4–7.5) Hz (P � 0.0001) and from 2.6 (0.8–5.9) Hz to

3.8 (0.9–7.7) Hz (P � 0.0001), respectively, and in-
creased the return of spontaneous circulation rates
from ~8% to ~14% (P � 0.09), but unfortunately lacked
power to yield statistical significance.

Progressive ischemia caused by prolonged cardiac
arrest results in rapid depletion of high-energy myo-
cardial phosphate stores (17,18), intracellular calcium
overload (19), decrease in ventricular fibrillation fre-
quency and amplitude variables (11,20–22), and in-
creased likelihood of asystole or EMD after counter-
shock (11,23). Patients with witnessed collapse in our
study had a weak but significant negative correlation
between cardiac arrest time and both dominant fre-
quency and ventricular fibrillation amplitude; this in-
dicates that these variables are related to the duration
of untreated cardiac arrest. Because of the character-
istic variation of median frequency over time with two
frequency peaks (21), it is not surprising that there was
no significant correlation between median frequency
and arrest time.

The good news in this study is that 28 (31%) of 89
patients had return of spontaneous circulation, but the
bad news is that 535 (90%) of 594 countershocks did
not result in spontaneous circulation, but were useless
and probably harmful in causing thermal damage to
the heart (24). This is actually of considerable clinical
relevance, because in this study alone, a cumulative
energy of 535 unsuccessful shocks with an estimated
power of ~200 J each would be a stunning ~107.000 J,
causing possible iatrogenic myocardial injury. Thus,
as suggested by a laboratory study (24), defibrillation
has to be considered as an intervention that not only
saves lives, but may also be an underlying mechanism
for cardiac failure in the postresuscitation phase. Ac-
cordingly, it is even more important not to defibrillate
during CPR when rescuers guess that the time is right,
but, rather, when scientifically proven variables indi-
cate optimal timing. It is hoped that, in a not too
distant future, microprocessor-based technology for
ventricular fibrillation ECG signal analysis could be
permanently integrated with a defibrillator for guid-
ing countershock therapy by using predetermined
frequency/amplitude values.

There are several limitations of this study that
should be noted. First, the predictive power of vari-
ables such as ventricular fibrillation median frequency
is clearly inferior in humans compared with data from
laboratory experiments, because absolute values in
humans, but not in animals, are closer to a range that
is heavily disturbed by oscillatory overtones of chest
compression variables. However, it is remarkable that
the variation of amplitude variables in our study was
small, despite a significant influence of electrode po-
sitions on ventricular fibrillation amplitude. Second,
we are unable to determine whether defibrillation suc-
cess would have been better had we not used the
shock option of the automatic external defibrillators
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being used in the study. Third, all defibrillators ad-
ministered monophasic, exponential wave form
shocks; therefore, we cannot say whether outcome
with biphasic wave form defibrillators would have
been superior, as suggested by recent clinical studies
(25). Fourth, the fact that a noninvasive variable could
predict countershock success does not necessarily
mean that the chance of surviving sudden cardiac
arrest improves as well. Finally, we analyzed several
ventricular fibrillation wave form variables in regard
to their predictive power alone, but not in combina-
tion. In fact, it is possible that combining, for example,
the most powerful predictors into a new denominator
would yield better results. However, similar to devel-
oping a pharmacologic CPR “cocktail,” this may be
much more difficult than anticipated because of mul-
tiple permutations between variables. The most desir-
able algorithm would be a strategy that greatly en-
hances predictive power compared with current
variables, and it would need to be less prone to being
disturbed by CPR-related artifacts.

In conclusion, the results of this study of 594 shocks in
89 patients with out-of-hospital cardiac arrest indicate
that median frequency, dominant frequency, and ven-
tricular fibrillation amplitude values before successful
countershocks were significantly higher than those be-
fore unsuccessful countershocks. This study further
demonstrates that successful countershocks will be best
discriminated from unsuccessful countershocks by ven-
tricular fibrillation amplitude; at 73% sensitivity, a spec-
ificity of 67% was obtained with this variable. However,
because of the low predictive power of the variables
used, further studies that include alternative variables
(e.g., new feature-extraction techniques such as nonlin-
ear methods) should be performed before this method
can be applied to the treatment of human cardiac arrest.
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