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Background: The location of the myocardial infarction (MI) might modify the spectral characteristics
of ventricular fibrillation (VF) in humans.
Objective: To evaluate the effect of the location of the infarcted area on the spectral parameters of VF.
Methods: Patients with chronic MI (29 anterior, 32 inferior) and induced VF during cardioverter defibrillator implant were retrospectively studied. Dominant frequency (f d ), organization index (OI), and power
of the harmonic peaks were calculated in the device-stored electrograms (EGM) during sinus rhythm (SR)
and VF.
Results: The f d of the VF was not affected by the left ventricular ejection fraction (LVEF) or the MI
location (anterior: 4.54 ± 0.74 Hz, inferior: 4.77 ± 0.48 Hz, n.s.). The OI was also similar in both groups.
However, in patients with inferior MIs, normalized peak power at f d was higher (118.3 ± 18.5 vs 100.6 ±
28.2, P < 0.01) and the normalized peak power of the harmonics was lower than in the anterior MI group.
The analysis of EGM during SR showed similar results. The size of the necrotic area and its distance to
the recording electrode might partially explain these results.
Conclusion: In our series, the spectral characteristics of the EGMs during VF showed significant differences depending on the MI localization. A higher fraction of energy (in the low-frequency region) was seen
in inferior MIs, whereas the peak power at the harmonics increased in anterior MIs. A similar effect was
seen during SR and VF, suggesting that it is caused by local electrophysiology abnormalities induced by
the MI rather than by different intrinsic characteristics of the VF. (PACE 2008; 31:660–665)
myocardial infarction, ventricular fibrillation, spectral analysis, signal analysis, ICD, electrogram.
Introduction
Electrical activity during ventricular fibrillation (VF) has been considered as a highly disorganized and random process. However, the spectral
analysis of optical or electrical recordings during
VF reveals a substantial degree of structure and
organization, and it allows the estimation of several periodicity and regularity indexes.1–3 Spectral
VF parameters have been related to the duration
of the arrhythmia,4 the presence of ischemia,5 the
action of antiarrhythmic drugs,6 or the outcome of
shock therapy.7 The existence of a necrotic area
in the myocardium has been shown to alter the
frequency spectrum in a dog model of VF.8 Moreover, the maintenance and characteristics of the
VF may be related to mother rotors anchored to
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specific anatomic structures, such as the papillary
muscles, that can be affected by infarcted areas.9
Very little information is available on the spectral
characteristics of the VF in patients with chronic
myocardial infarction (MI). Specifically, it is not
known whether the spectrum of this VF depends
on the infarct location. The objectives of this study
are to describe the characteristics of the electrical
signal recorded by an intracardiac electrode during induced VF in patients with chronic MI, and
to evaluate the effect of the location of the infarcted
area on the VF spectral features.
Methods
Consecutive patients with chronic MI >
3 months old undergoing an implantable cardioverter defibrillator (ICD) implant for clinical
reasons between November 2001 and August 2003
in two tertiary hospitals were included in this retrospective study. Clinical data as well as the location of the infarct were obtained from the clinical reports. The left ventricular ejection fraction
(LVEF) was categorized in four degrees, from normal (>0.55) to slightly (0.41 to 0.55), moderately
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(0.31 to 0.40), or severely depressed (<0.31). The
implant protocol at the time of the study required the induction of at least two consecutive
VF episodes in order to ensure a safety margin for
defibrillation. The ICD was programmed to record
intracardiac electrograms (EGMs) during VF in a
pseudounipolar configuration using the defibrillation coil in the right ventricle and the can as
the indifferent electrode. The recorded EGMs were
saved in digital format (128 samples per second)
for further analysis.
VF Signal Processing and Spectral Analysis
The onset of each VF episode was manually
annotated, and the following 3 seconds were selected for processing. We decided to analyze the
first 3 seconds because this period of time was
deemed to be adequate to estimate the spectrum of
the signal according to the sampling frequency and
the spectral band of interest. An automatic cancellation of low-frequency baseline oscillations
(trends) was implemented using a 250-ms median
filter and spline interpolation.10 A spectral representation P(f) was obtained for each EGM segment
with a Welch periodogram, with Hamming window of 128 samples, 50% overlap, and spectral
resolution of 1,024 samples. This spectral representation was normalized to unit area, which is
denoted as P n (f). In many cases, spectral profile
of the monopolar EGMs closely corresponded to a
harmonic structure, which was taken into account
for using conventional parameters in this setting.
These spectral parameters and its meaning have
been recently reviewed,11 and they are briefly summarized next (see Fig. 1):
- Dominant Frequency (fd): It is the frequency
at which the absolute spectral maximum occurs.
- Fundamental Frequency (f 0 ): For periodic
signals, it is the inverse of the cycle length, that is,
the inverse of the minimum repetition period.
- Harmonics and Power Peaks: For periodic
signals, harmonics are the frequencies corresponding to the integer multiples of fundamental frequency f 0 . We considered up to five harmonics,
given by f 2 = 2 f 0 to f 5 = 5 f 0 . When the power peak
did not happen exactly at the harmonic frequency
due to noise, it was adjusted to correspond to the
nearest relative maximum, within a tolerance of
about 1.5 Hz. Accordingly, we measured the peaks
of the normalized power spectrum at each frequency, denoted by P n (f d ), P n (f 0 ), and P n (f 2 ) to
P n (f 5 ). The obtained values were multiplied by a
factor of 1,000 in order to make the numerical expressions easier.
- Organization Index: We defined the Organization Index (OI) as follows. Given that the EGM
spectra were mostly contained in the band from 4
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Figure 1. An ICD-stored EGM VF example. (A) Spectral parameters measured from the power spectrum and
spectral envelope. (B) Monopolar EGM.

to 30 Hz, we first obtained the total power in this
band. Then, for the spectral peaks corresponding
to fundamental frequency f 0 and to every harmonic
peak within this band, their power in a bandwidth
given by the 75% decrease in amplitude in each
peak was obtained and summed. Accordingly, the
OI was calculated as the ratio between the power
in the bandwidth of f 0 and its spectral harmonics,
and the total power in the band from 4 to 30 Hz.12
- Spectral Envelope: In order to yield an
independent from periodicity spectral characterization, an auto-regressive model (Yule-Walker
method, fourth order) was fitted for each EGM
signal during VF, and the squared spectral envelope was estimated, thus yielding a spectral representation that has no harmonic structure, and
hence it contains no explicit information about
the periodicity, but rather about the underlying
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SÁNCHEZ-MUÑOZ, ET AL.

physiological phenomena and abut the acquisition
characteristics.13
SR Signal Processing and Spectral Analysis
In order to evaluate whether the differences in
the VF spectrum between the study groups represent a specific behavior of the VF for each infarct
location or they just reflect intrinsic local electrophysiologic properties of the myocardium related
to the infarcted area, the frequency content of the
EGM during sinus rhythm (SR) was also analyzed.
For this purpose, we obtained the ICD-stored EGM
of SR for each patient. Spectral envelope was also
estimated for each SR recording.
Simulations
To reproduce and to explain the results obtained in the previous analysis, a simulation study
was conducted. The model has been described in
detail elsewhere.14 In brief, it consists of a cellular automaton model, with activation being governed by a static conventional restitution curve.
Additionally, an EGM recording model is given
by the volume conductor equation in a homogeneous medium, and it was tuned for modeling a
simple unipolar electrode configuration. As shown
in Figure 2, a 1 × 2-cm cellular tissue sheet was
discretized (80 cell groups per cm). We compared
homogeneous tissue with the presence of an infarcted, electrically silent region. Simulated EGMs
were obtained at two different locations, as described in Figure 2. The infarcted region was considered either to the left, according to the figure,
or to the right of the sheet, allowing us to analyze
the effect of proximity between the infarct and the
electrode. Unipolar EGMs were recorded at x =

2.4 cm and y = 0.5 cm, at a vertical distance to
the plane of 0.2 cm. In order to analyze the effect
of distance, an electrode was also modeled at x =
4cm and y = 0.5 cm at the same vertical distance.
Results
Sixty-one patients were included in the study,
29 with anterior MI (47.5%, group A) and 32 with
inferior MI (52.5%, group B). Age (63.0 ± 9.9 years
for group A, 65.2 ± 8.6 years for group B) and gender (one female in each group) were not significantly different between groups. An LVEF < 30%
was observed in 22/29 (75.9%) patients with anterior MI and in 11/32 (34.4%) patients of group B
(P = 0.001). The spectral parameters were not affected by the degree of left ventricular dysfunction.
Specifically, the dominant frequency did not show
significant differences between patients with LVEF
< 0.30 (4.61 ± 0.69 Hz) and patients with LVEF >
0.30 (4.71 ± 0.55 Hz, n.s.) and similar results were
obtained for P n (f d ) (0.12 ± 0.03 vs 0.11 ± 0.02) and
OI (0.79 ± 0.09 vs 0.78 ± 0.07, respectively, both
nonsignificant).
Low correlation coefficients were obtained for
the spectral variables (R of 0.47 for f d , 0.70 for f 0 ,
0.01 for P n (f d ), 0.01 for P n (f 2 ), 0.18 for P n (f 3 ), 0.22
for P n (f 4 ), 0.15 for P n (f 5 ), and 0.19 for OI). Therefore, each measured spectral parameter was averaged in the two consecutive VF episodes, when
available.
VF Signal Processing and Spectral Analysis
The f d was similar for patients with anterior and inferior MIs (4.54 ± 0.75 Hz and 4.77 ±
0.49 Hz, respectively, n.s.). The differences in f 0
and OI were also nonsignificant. In contrast, the
spectral pattern in groups A and B was significantly different (see Table I). In patients with inferior MI, normalized power at the f 0 peak was
significantly higher (0.10 ± 0.02 vs 0.11 ± 0.01,

Table I.
Spectral Characteristics of the VF Signal in Anterior and
Inferior Infarcts

Figure 2. Simulation model. Grey zone represents the
infarcted region, and it was considered either to the left,
according to the figure, or to the right of the sheet, to analyze the effect of proximity between the infarct and the
electrode. Unipolar EGMs were recorded at x = 2.4 cm
and y = 0.5 cm, at a vertical distance to the plane of
0.2 cm. To analyze the effect of distance, an electrode
was also modeled at x = 4cm.
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fd
f0
P n (f d )
P n (f 2 )
P n (f 3 )
P n (f 4 )
P n (f 5 )
OI

June 2008

Anterior

Inferior

P Value

4.54 ± 0.74
4.54 ± 0.75
100.6 ± 28.2
20.0 ± 10.3
5.4 ± 3.8
1.8 ± 1.7
0.8 ± 0.9
0.79 ± 0.12

4.77 ± 0.48
4.76 ± 0.47
118.3 ± 18.5
13.7 ± 7.9
2.9 ± 2.5
0.9 ± 0.9
0.3 ± 0.2
0.80 ± 0.07

n.s.
n.s.
0.006
0.01
0.004
0.012
0.003
n.s.
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Figure 3. Averaged spectral envelopes in logarithmic units and crossover about 10 Hz. (A) VF
in ICD-stored EGM. (B) SR in ICD-stored EGM. (C) Simulation of changes with distance. (D)
Simulations of changes with proximity between electrode and infarction.

P < 0.01), whereas the normalized spectral power
at the harmonics was higher in patients with anterior MI. The same analysis did not yield any significant difference when made on tip-to-coil configuration available in the ICD-stored EGM, and
hence, those results are not included here for shortness. Also, the analysis of the first 4 or 5 seconds
gave similar results (not included). The averaged
spectra in logarithmic units for both groups are
depicted in Figure 3. A crossover of the spectral
envelopes is clearly seen, with greater fractional
power below 10 Hz approximately in inferior
infarctions, and showing a significant, opposite
trend above this frequency. The spectral parameters were not affected by the degree of left ventricular dysfunction.
SR Signal Processing and Spectral Analysis
The averaged spectral envelopes in logarithmic units for both groups during SR are shown in
Figure 3. A crossover between spectral envelopes
at about 10 Hz is again apparent, showing a lowpass filtering effect for inferior MIs, very similar
to the one observed in the preceding VF analysis.
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This crossover was also obtained using instead an
autoregressive spectral analysis (not shown) thus
demonstrating that it was not a phenomenon dependent on the signal processing fitting procedure.
The use of the same electrode configuration for the
acquisition of the EGMs during VF and SR may
contribute to explain the similarity of both spectral envelopes as observed in Figs. 3A and B.
Simulations
Possible reasons for this effect were assessed
using a simulation model. As shown in Figure 3,
the higher frequencies become attenuated as the
electrically silent area and the recording electrode
come closer, thus moving the electric source away
from the electrode. This low-pass filtering effect is
a consequence of the electric field characteristics
in quasi-electrostatic conditions.15 The crossover
effect, also reproduced by the simulations, is due
to the normalization of the area under the spectral
curve to one. The increment of the size of the infarcted region has also a low-pass filtering effect:
the greater the size of the infarction (and hence,
the lesser effective myocardial mass to contribute
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to the EGM voltage), the lower the spectral content
at high frequency in the unipolar EGM.
Discussion
Our study shows that the spectral characteristics of the electrical signal during induced VF
recorded with an intracardiac electrode depend on
the location of the infarct. In patients with inferior
MIs, the contribution of the low-frequency band to
the total energy of the spectrum is relatively higher,
whereas the relative amplitude of the harmonics
increases in patients with anterior infarcts. This
effect may be due to an alteration of the electrophysiologic properties of the myocardium induced
by the infarcted area and does not necessarily reflect different intrinsic characteristics of the VF.
The activation mathematical model suggests that
differences in the distance from the electrode to
the infarcted region or in the size of this region
could play a role in reducing the fractional energy
of the high-frequency band in inferior MIs.
Several experimental studies have shown that
the existence of an infarcted area may change the
frequency content of local EGMs during VF. In
a canine model of chronic MI, the cycle length
of VF was longer and the degree of organization
greater than in the control group.16 In a similar experimental preparation, Jacobson et al.8 found no
significant changes in the f d or in the fractional
peak power at the f d peak, but demonstrated a
significant reduction of the total and peak power
in the infarcted animals. Finally, frequency maps
of the left ventricle in sheep with chronic anterior MI showed regions of high-frequency activation usually being located close to the interventricular septum, whereas a low f d was recorded
within the infarcted area.17 However, none of these
studies analyze specifically the power distribution along the frequency axis. Moreover, the effect of the infarct location on the VF characteristics cannot be assessed since the infarct is always
produced by occlusion of the proximal left anterior descending coronary artery. The distribution
of the necrotic area in the myocardium might potentially alter the VF spectrum by several mechanisms. First, it has been suggested that the VF may
be induced and maintained by rotors anchored
in specific anatomic areas such as the papillary
muscles,17, 18 and the involvement of these areas
in the necrotic process would depend on the location of the infarct. Second, the MI may induce
changes in the basic electrophysiological properties of the myocardium that surrounds the recording electrode, and this effect could modify the VF
spectral characteristics irrespective of the intrinsic
properties of the arrhythmia. Our results support
this mechanism, since the location of the infarct
induces similar changes in the frequency distri-
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bution of the EGMs during SR. Specifically, the
effect on the power of the low and intermediate
frequency bands is very close to the one observed
during VF. The differences of the spectral envelope
seen in the region above 30 Hz might be due to the
higher conduction velocity of the electric impulse
during sinus rhythm.
The effects of the location of the infarcted area
on the VF spectral pattern have not been evaluated
in humans. Our results suggest that patients with
inferior MI show a greater fractional power at the
f d component. In contrast, the normalized power
at the harmonic frequencies is lower when compared to the anterior MIs. The reasons for these
differences are unknown. A similar effect is observed in our two-dimensional computer model of
ventricular activation when the distance between
the infarcted region and the electrode decreases,
or when the size of the simulated infarcted area is
increased. Inferior MIs can involve the right ventricle and might be closer to the ICD recording electrode than anterior infarcts, potentially explaining
the obtained results. In contrast, a larger amount of
electrically active myocardium would be expected
in the inferior infarct group, since anterior MIs are
more often associated with extensive scars. More
precise information on the size and location of the
infarcted areas as well as their anatomic relationship with the electrode position might be obtained
with image techniques and could be useful to better assess this issue, but we lack this information
due to the retrospective character of the study. A
second limitation derives from the use of an ICD to
obtain the EGMs, which reduces the available signal to a unique intracardiac recording. Multiple
recordings from both ventricular chambers during
sinus rhythm and VF might be useful to further
delineate the influence of the MI location and size
on the spectral characteristics of the arrhythmia.
Finally, the two-dimensional mathematical model
of propagation clearly oversimplifies the phenomena involved in the generation of the EGM in an
infarcted human heart. It was used only to simulate the effects of the size of the necrotic region
and its distance to the recording electrode on the
spectrum of the electrical signal. A more realistic
approach would require a substantial increase in
the complexity of the model and lies beyond the
scope of this study.
Conclusion
The spectral characteristics of the intracardiac signal during VF depend on the MI location. A higher fractional energy in the lowfrequency region is seen in inferior MIs, whereas
the peak power at the harmonics increases in
anterior infarcts. A similar effect is seen during
SR and VF, suggesting that it is caused by local
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electrophysiologic abnormalities induced by the
MI rather than by different intrinsic characteristics of the VF. The mathematical model analysis
suggests that this effect could be due either to differences in the position of the electrode relative
to the necrotic area or to their separation distance,
but further studies considering detailed anatomical information are required to confirm this result.
Overall, these results should be taken into account

when analyzing further clinical studies involving
patients with infarctions in terms of spectral features of their presenting arrhythmias.
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