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Abstract

Ventricular fibrillation (VF), despite its declining incidence as a cause of sudden cardiac death, is
still a major health problem. The underlying mechanisms for the maintenance of VVF are still disputed.
Studies suggest that VVF is unlikely one static mechanism but a dynamic process of electrical
derangement that changes with duration. The two principal proposed mechanisms of VF are multiple
wavelets and mother rotors. Most studies of these proposed mechanisms for VF maintenance have
been during the first minute of VVF. Yet, the time to external defibrillation in the community and pre-
hospital setting where the majority of sudden cardiac death occurs ranges from 4 to 10 minutes and
the “time to defibrillation” appears crucial as the odds of survival worsen with delay. Recent studies
during the first 10 minutes of VF suggest that Purkinje fibers are important in maintaining VF after
the first 1 to 2 minutes, either as a part of a reentrant circuit or as a source of focal activations.
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Although decreasing in incidence, ventricular fibrillation (VF) remains a significant cause of
sudden cardiac death (SCD) in the United States.! In recent years, the use of the implantable
cardioverter defibrillator (ICD) has decreased the incidence of death among those at highest
risk. This means of therapy however, remains a crude method for defending the patient against
the poorly understood electrophysiologic state of VF. The large majority of individuals with
SCD do not have an ICD. The time to external defibrillation in the community and pre-hospital
setting where the majority of SCD occurs ranges from 4 to 10 minutes.?: 3 The time to
defibrillation appears crucial as the odds of survival to hospital discharge decrease
approximately 10% for every minute of lack of perfusion.2

VF changes as it progresses with time. Wiggers first proposed four distinct phases of VF based
on epicardial motion visualized by high speed cinematography in canine hearts.# His
description of the four stages included 1.) Initial tachysystolic stage (<1s of VF), 2.) Stage of
convulsive incoordination (1-40s of VF), 3.) Stage of tremulous incoordination (40s-3min of
VF) and 4.) Stage of progressive atonic incoordination® (after 3 min of VF).% The
overwhelming majority of studies attempting to map cardiac activation sequences during VF
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have been performed only during the first minute of VVF. Therefore, although mapping of VF
during long duration VF (>1min) remains rarely evaluated, it is during this period that the
majority of patients with SCD receive initial therapy.

Huang et al. © performed a cluster analysis of the quantitative measurements of the epicardial
activation sequence during the first 10 minutes of VF in canines, including the number of
wavefronts, reentry episodes, wavefront propagation velocity, wavefront breakthroughs onto
the epicardium, wavefront conduction block, wavefront fractionations, wavefront collisions,
mean area activated by wavefronts, number of activation sequences, number of wavefronts
that follow each activation sequence, negative peak rate of voltage change, and peak frequency
of activation. They found that the data temporally clustered into 5 stages. Stage i, lasting the
first 11 s after the onset of VVF, exhibited many wavefronts, a rapid frequency of activation,
reentry, and a rapid propagation velocity. During stage ii (12-62 s) these measures decreased
albeit with rapid dynamic fluctuations. During a brief stage iii (63-86 s) many of these
descriptors again increased consistent with a higher degree of organization, perhaps caused by
a temporary decrease in extracellular potassium. Stage iv (87-310 s) demonstrated a steady
decrease in most quantitative measures of VF organization, while during stage v (311-600 s)
these measures all decreased gradually towards zero, which is indicative of cell death and
cessation of electrical activity.

Based on local VF dynamics recorded optically in isolated pig hearts, such as the action
potential amplitude and duration, the incidence of wavebreak, and the repeatability of
propagation direction, Huizar et al” divided the first 10 min of non-perfused VF into 3 stages.
The first stage, which they called “relatively periodic”, lasted about 1 min. The second stage,
which they called “highly periodic”, was present between the first and second minute of VF
and corresponds to the highly organized stage iii of Huang et al. Huizar and coworkers called
the third stage lasting until the end of the 10 min recording period of VF “aperiodic”.”

From the above classifications, it is clear that VF passes through different stages as it
progresses, whether the number of stages is 3, 4, or 5. These distinct phases raise the possibility
that the relative importance of different arrhythmogenic mechanisms changes as VF is initiated
and then progresses through different stages. It has also been proposed that different therapies
are needed during different stages of VF.8

A controversy in cardiac electrophysiology exists as to whether VF is maintained by wandering
wavelets with constantly changing, evanescent, reentrant circuits or by a “mother rotor”
consisting of a sustained, stationary reentrant circuit in one region of the ventricles that gives
rise to variable daughter wavelets that spread through the remainder of the ventricular
myocardium. As reviewed below, the likely answer is that both can occur during different
stages of VVF. Recent data will also be reviewed suggesting that there are two types of VF and
that Purkinje fibers appear to be active throughout long duration VF and may be either a
reentrant or a focal source of wavefronts during VF.

Multiple Wavelet Hypothesis

Based on the results of computer simulations published in 1964, Moe first proposed the multiple
wavelet hypothesis to explain the activation patterns maintaining atrial fibrillation.® According
to the multiple wavelet hypothesis, the conditions required for fibrillation are a premature
stimulus to initiate the arrhythmia and inhomogeneity in the refractory periods of the tissue to
cause conduction block and reentry that sustain it. Later simulations demonstrated that
wandering wavelet type reentry can be sustained in completely homogenous tissue.10 Although
inhomogeneity of refractoriness may occur in normal myocardial tissue, diseased myocardium
as well as normal anatomic structures can exaggerate this heterogeneity and act as a substrate
for conduction block and wavebreak. According to the wandering wavelet hypothesis, wavelets

Heart Rhythm. Author manuscript; available in PMC 2009 August 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabereaux et al.

Page 3

follow constantly changing pathways and are short lived. Wandering wavelets terminate in two
ways: 1) they are extinguished when they collide with another wavelet, strike a non-conducting
boundary, or completely block, or 2) they partially block and fractionate into two or more
“daughter wavelets”. If the amount of tissue exceeds a critical mass, enough daughter wavelets
that block and reenter are constantly being formed so that reentry circuits are constantly present
to sustain fibrillation. According to the wandering wavelet hypothesis, because wandering
wavelets are present throughout the tissue, all parts of the tissue help maintain fibrillation.

Mother Rotor Hypothesis

The mother rotor hypothesis for the maintenance of fibrillation was first proposed by Lewis in
1925,11 followed by Gurvich in 1975.12 This concept has recently been reemphasized by
Jalife’s and Pertsov’s laboratories.13: 14 These groups have suggested that short duration VF
(VF lasting less that 1 min, SDVF) is maintained by a stable reentrant circuit called the mother
rotor localized in a single region.13 These investigations determined that the peak in the power
spectrum of optical recordings varied across the surface of isolated slabs of sheep ventricles
and of isolated guinea pig hearts. They also provided evidence that the peak in the power
spectrum corresponded to the activation rate in the optical recordings during SDVF and that
areas with a higher peak frequency had faster activation rates and shorter refractory periods
than regions with lower peak frequencies (Figure 1).14

Zaitsev et al. used the term “domain” to define a region in which all of the tissue has the same
peak frequency in the VF power spectrum and reported the mean area of domains to be
1.1cm? in isolated, perfused sheep right ventricles (RVs).13 Optical recordings during VF
indicated that a single domain of highest peak frequency was present, called the dominant
domain, that was surrounded by domains of lower peak frequencies that in turn were bordered
by domains of even lower peak frequencies. While some wavefronts that arose in the dominant
domain propagated into domains with lower peak frequencies, others blocked at the boundary
between domains in a Wenckebach pattern.14 These findings suggest that all myocardial
regions are not equally responsible for VF maintenance, but rather that VVF is maintained by a
single, stationary, stable reentrant circuit, i.e., the mother rotor, in the dominant domain, which
has the shortest refractory period from which activations propagate into the more slowly
activating domains with longer refractory periods.

While reentry is common in guinea pigs and rabbits during SDVF,1®: 16 electrical and optical
mapping of a small portion of the left ventricle in dogs and sheep has indicated that few
wavefronts exhibit reentry during SDVF and this reentry is short-lived, usually lasting less
than 2 cycles.1”: 18 More recently, panoramic optical mapping performed on nearly the entire
epicardial surface of swine hearts revealed that approximately 12 reentrant circuits are present
atany one time during SDVF. 18 Most wavefronts are annihilated by block or collision without
reentering. 18 In addition, the reentrant circuits are unstable, short lived, and do not fit the
description of a mother rotor.

Epicardial mapping studies have demonstrated that SDVF wavefronts in pigs tend to propagate
from the posterior basal LV to the anterior LV and on to the anterior RV, raising the possibility
of amother rotor in the posterior LV.1% However, no sustained reentry consistent with a mother
rotor was found on the posterior LV epicardium, even though an intramural mapping study
showed that the fastest activating transmural layer was near the epicardium.1 Many wavefronts
in the posterior LV entered the mapped region from its posterior boundary, adjacent to the
posterior descending coronary artery, raising the possibility that a mother rotor is located in
the RV or septum. Because a previous study has shown that the RV activates more slowly than
the LV during SDVF,20 the more likely site for a mother rotor was the septum. However, a
study which recorded from the right side of the septum found that reentry was uncommon there

Heart Rhythm. Author manuscript; available in PMC 2009 August 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabereaux et al.

Page 4

also, and that the activation rate was slower than the posterobasal LV.21 Many of the VF
wavefronts in the septum passed from the posterior septum toward the anterior septum. This
fact coupled with the fact that many wavefronts passed from the posterior LV free wall toward
the anterior LV free wall point to the region where the posterior free wall intersects with the
septum, the region where the posterior papillary muscle is located, as the possible site of a
mother rotor.21: 22 This possibility is also supported by Pak et al who found that ablation in
the region of the posterior papillary muscle by a transmural incision between the posterior
papillary muscle and the septum markedly reduced the inducibility of VF.23: 24

Computer simulations indicate that the central filament of a reentrant scroll tends to be parallel
to the long axis of the myocardial fibers so that the reentrant circuit always travels across fibers.
25 Because the long axes of the myofibers within both ventricular free walls are primarily
parallel to the epicardium and endocardium, the reentrant pathways should be intramural,
passing from the subepicardium to the subendocardium and then back to the subepicardium
again. Thus, these reentrant pathways should appear as a focal activation pattern in epicardial
maps where the reentrant wavefront breaks through to the heart surface. At the insertion of the
papillary muscles, where the fibers are parallel to the long axis of the papillary muscles, reentry
would be expected to rotate around this long axis. Depending on the angle of the filament of
the reentrant rotor, either reentry or epicardial breakthrough could be observed in epicardial
maps overlying the papillary muscle insertion. Thus, three-dimensional mapping with
electrodes close enough together to map the complex activation pathways of VF is needed to
determine if reentry is present.

Li and colleagues recently recorded 10 minutes of VF with a 3-D transmural unipolar 9 x 9
electrode array of plunge needles with 2-mm spacing over the anterior papillary muscle.26 Each
plunge needle contained 6 electrodes 2 mm apart. The number of wavefronts, foci and reentrant
circuits per second were counted. A focus was identified if a wavefront appeared de novo within
the central mapped region indicating that it had not arisen from another wavefront or propagated
into the mapped regions from outside. Intramural reentry was present during the first 3 minutes
of VF but not later during VF when 27% of wavefronts arose focally.28 Thus, during early but
not late VVF, these findings are consistent with the wandering wavelet hypothesis that VF is
maintained by a few, evanescent, constantly changing, reentrant circuits in the working
myocardium. However, these results cannot rule out the possibility that a mother rotor is present
in a region of the ventricles that was not mapped, and that the region mapped contained only
daughter wavelets that arose from the mother rotor.

Heterogeneity of Tissue in VF (APD and Restitution)

The classic mechanism for block leading to reentry is the non-uniform dispersion of
refractoriness.® This mechanism is supported by the findings that an increase in the non-
uniformity of dispersion of refractoriness increases VF inducibility and duration and that a
non-uniform dispersion of refractoriness is present during VF.2” A mechanism for block has
been suggested that can occur even in totally homogenous tissue by causing an alternans in
APD and/or cycle length that has been shown to be a precursor to block.28 Simulations have
shown that a reentrant rotor becomes unstable and breaks down into multiple rotors when the
slope of the restitution curve for APD versus the diastolic interval (DI) is >1.2° When a
premature activation occurs (a in Figure 2A) and the slope is <1, oscillations in APDs and Dls
decrease until the stable point is again reached. When the slope is >1, oscillations in APDs and
Dls increase with each cycle until block occurs that can lead to reentry and VVF (Figure 2B). It
has also been shown in a small piece of isolated heart tissue that the slope of the APD restitution
curve is >1 during VF and that drugs that decrease this slope to <1 terminate VF.30 Another
type of restitution relationship based on the change in conduction velocity (CV) with DI has
also been shown in simulations to be capable of causing conduction block.3! This relationship
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is closely related to the APD resititution relationship because CV affects the DI. For example,
a short DI decreases CV which lengthens the next DI. Therefore, although CV does not affect
APD directly, it does so indirectly through its effect on the DI. In addition, block and reentry
have been reported to occur at sites where intracellular calcium (Ca;) changes are divorced
from the action potential (AP)32 and where differences in the density of ion channels such as
the background potassium current are present.14 With some experimental conditions,
conduction block has been reported more likely when wavefronts travel parallel than when
they travel perpendicular to the long axis of the myocardial fibers.33 Under other experimental
conditions, the opposite condition occurs in which block is more likely when wavefronts travel
perpendicular than when they travel parallel to the long axis of the fibers.34

Two types of VF

Chen’s group has reported that there are two types of VF (Figure 3) and that these two types
resolve the controversy of whether VF is maintained by wandering wavelets or a mother rotor.
35 Type | VF is characterized by a rapid activation rate, uncommon and short-lived reentry,
and low repeatability in wavefront direction and pathway (Figure 3B). Thus, VF is maintained
by wandering wavelets during Type | VF. Chen’s laboratory has proposed that the steep APD
restitution curve is responsible for conduction block during Type | VF. Type Il VF is
characterized by a slower activation rate with large wavefronts with many wavefronts
following similar pathways (Figure 3C). Thus, VF may be maintained by mother rotors during
type Il VF. During this type of VF, Chen and coworkers have proposed that the APD restitution
curve is flatter, but that excitability is reduced and the CV restitution curve is broad. The broad
CV restitution may be responsible for conduction block in Type Il VF. Evidence exists that
the type of VF is influenced by drugs, heart disease, and VF duration with SDVF being type |
and long duration VF (VF lasting more than 1 min, LDVF) being type 11 VF.3°

Anatomical Anchors of Reentry

Both wandering wavelets and mother rotors are affected by cardiac anatomy. In the case of
wandering wavelets, different anatomical structures may cause an increase in tissue
heterogeneity and thereby help maintain reentry.29 A rotor may become attached to a particular
anatomical structure and remain there as a stable reentrant circuit, i.e, a mother rotor.13 Chen’s
group has reported that these anatomic sites can be papillary muscles, blood vessels, and
Purkinje fibers,2° or locations near the septum. They performed epicardial optical mapping of
the isolated pig RV during SDVF and found that phase singularities, which indicate block and
possibly reentry, cluster in the myocardium adjacent to blood vessels.36 They also showed that
a stationary, long-lived rotor is centered on the epicardium directly over the endocardial
insertion of the antero-lateral LV papillary muscle in isolated, perfused rabbit hearts during
Type 1l but not Type | VF. With propranolol, reentry was present on the endocardium of pigs
and dogs anchored around the posterior papillary muscle while breakthrough was
simultaneously present on the epicardium overlying the posterior papillary muscle during VF.
23 |n addition, ablation lesions and surgical incisions extending away from the posterior
papillary muscle made VF much more difficult to induce.23: 24 Mapping of explanted hearts
from patients with dilated cardiomyopathy supported with Langendorff perfusion
demonstrated lines of block in regions that later histologic inspection showed to contain areas
of fibrosis separating epicardial muscle fibers,3’ suggesting that the conduction block created
by fibrosis also formed a substrate for reentry.

Purkinje Fiber Involvement in VF

Numerous reports now exist of ablative procedures which may cure VF that occurs in
structurally normal hearts. The occurrence of VVF in a normal heart suggests a triggered activity
mechanism that has the potential to arise from the specialized conduction system.38: 39 Reports
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from Haissaguerre et al first reported that ablation at sites where the earliest triggers were
recorded as Purkinje spikes prior to ventricular activation in the RV outflow tract, RV, or LV
could prevent VVF.38 The Purkinje signals were defined as an initial sharp potential <10ms in
duration prior to a ventricular activation complex.

In addition to the role of Purkinje fibers in the initiation of VVF, other studies have suggested
involvement by Purkinje fibers in the maintenance of VF.4%: 41 Two considerations support
the hypothesis that activation during LDVF arises from Purkinje fibers. One is that Purkinje
fibers are less sensitive to ischemia than is working myocardium so they may be more
electrically active during the global ischemia of LDVF.#2 Two is that accommodation is greater
in Purkinje fibers than in working myocardium so that at the very rapid activation rates of VF,
the APD and refractory period of Purkinje fibers is as short as or shorter than working
myocardium.#3 Although the porcine model is often used routinely in the investigation of VF,
the distribution of Purkinje fibers is different in pigs than in humans, dogs, and rabbits. In all
of these species, a Purkinje fiber network is present on the endocardium. However, while in
humans, dogs, and rabbits, the Purkinje-myocardial junctions are confined to the
subendocardium, in pigs the Purkinje fibers traverse almost the entire ventricular free wall so
that Purkinje-myocardial junctions are present almost transmurally.*

The endocardium activates more rapidly than the epicardium in dogs after 1 to 2 minutes of
VF.% Possible causes for this phenomenon are (1) oxygen in the blood in the ventricular
cavities prevents the endocardium from becoming ischemic as VVF continues so that the
endocardium activates more rapidly than the ischemic remainder of the ventricular walls, or
(2) the rapid activations arise from Purkinje fibers or Purkinje-myocardial junctions in the
subendocardium. Chen’s group substituted air for cavitary blood and showed that the
transmural gradient of activation rate during LDVF was still present but that it disappeared
after the Purkinje fibers were ablated by applying Lugol’s solution to the endocardium.*6 These
findings suggest that Purkinje fibers or some other tissue near the endocardium and not
oxygenated cavitary blood is responsible for the difference in epicardial and endocardial
activation rate during LDVF. If so, LDVF activation fronts should arise from the
subendocardium and propagate toward the epicardium in dogs but not pigs, because the
Purkinje-muscle junctions are near the endocardium in dogs but extend from the endocardium
almost to the epicardium in pigs.

Two studies have tested this prediction and found it to be true.1®: 47 Newton and coworkers
recorded from 75 to 100 plunge needles in the RV and LV freewalls and septum of 6 pigs and
5 dogs during SDVF and LDVF. They used a previously developed and tested method to
estimate the VF activation rate from the dominant frequency and to estimate conduction block
from double peaks in the fast Fourier transform (FFT) power spectrum of the unipolar electrode
recordings.19 For the first 70 s of VVF in both pigs and dogs, the dominant frequency was highest
at the epicardium and lowest at the endocardium, whereas the incidence of double peaks was
highest at the endocardium and lowest at the epicardium for the entire LV and RV base. The
distribution changed little for the first 3 min of VF in pigs, but reversed by 2 min in dogs so
that the dominant frequency was highest at the endocardium and lowest at the epicardium as
reported earlier by Worley et al.#8 Thus, estimated activation rates and conduction block
incidence are not uniformly distributed transmurally during VF in dogs. During the first 1-2
min of VF, the faster activation rate near the epicardium rather than near the endocardium
raises the possibility that, at least in dogs, VF is not being driven during this period by activation
fronts arising from the Purkinje fibers. The consistency over time of this transmural distribution
of activation rates in pigs but its reversal by 2 min of VF in dogs lends support to the hypothesis
that activation during LDVF is driven by Purkinje fibers.
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Newton and coworkers analyzed only the first 3 min of VF because the FFT method to estimate
activation rate and conduction block was developed for SDVF so it might not be valid during
later LDVF.1 Therefore, Allison et al. analyzed the first 10 min of LDVF with this same
distribution of intramural electrodes by identifying individual activation times in the
recordings.#’ They found that activation remains rapid transmurally in the pig throughout the
first 10 min of LDVF, consistent with activation wavefronts arising from the almost transmural
Purkinje fibers in this species (Figure 4). In the dog, however, rapid activation was only present
near the endocardium where Purkinje spikes could sometimes be observed, and the activation
sequences along each individual plunge needle suggested that LDVF wavefronts pass from the
endocardium towards the epicardium with many of them blocking en route (Figure 4). These
findings in dogs are consistent with the epicardial mapping study of Huang and coworkers
which reported that during stage v of LDVF, most wavefronts break through to the epicardium
and terminate by conduction block.®

Tabereaux and coworkers have recently mapped activation within the Purkinje network directly
from the endocardium in isolated dog hearts during the first 10 min of electrically induced VF.
40 Sjx canine hearts were isolated, reperfused and the LV cavity opened via incisions in the
RV free wall and the septum between the areas supplied by the posterior and anterior septal
perforators to expose the endocardium and papillary muscles of the LV. Unipolar recordings
were made from a 504-electrode (24 columns x 21 rows) array with 1mm spacing between
electrodes that was seated over the endocardial insertion of the anterior papillary muscle. VF
was then induced using a 9V battery applied to the RV and mapping was performed for 10
consecutive min. Six epochs of data each lasting 5 s during this time period were examined to
identify Purkinje fiber (PF) activations as well as working ventricular myocardial (WVM)
activations. PF activations were identified as rapid deflections 1-2 ms in duration preceding
WVM activations. PF activations occurred in four types of patterns: 1) depolarization
propagating from WVM to PF presumably through retrograde conduction at a PF-WVM
junction (Figure 5), 2) PF arising from the leading edge of a WVM activation also presumably
through retrograde conduction at a PF-WVM junction, 3) propagation of PF in from the border
of the mapped region activating WVM in the mapped region presumably through orthograde
conduction at a PF-WVM junction (Figure 6), and 4) PF or WVM activation arising de-novo
in the mapped region (Figure 7).40

Further evidence to support the role of Purkinje fibers in VF comes from canine heart studies
in which ablation of the subendocardium was performed by painting the endocardium with
either Lugol’s solution or phenol.#1: 49: 50 Chemical ablation of the PF rich subendocardial
layer in canine hearts dramatically elevated the VF threshold making inducibility difficult if
not impossible.>° To the contrary, Chen and coworker’s reported that following subendocardial
ablation by flushing Lugol’s solution in situ canine hearts VVF thresholds remained relatively
unchanged.*® However, some Purkinje fibers may have not been ablated by this procedure
since PF potentials can be recorded at a depth of 2mm in the LV free wall®! while application
of Lugol’s solution produces necrosis to a depth of only approximately 0.5mm.49: 50

Dosdall and coworkers*! evaluated the effects of Lugol’s solution on the same experimental
model used by Tabereaux et al.40 They found that the rapid deflection called Purkinje activation
disappeared after Lugol’s solution was applied to the endocardium, suggesting that those
deflections did represent Purkinje activations. They also found that the time from the onset of
VF until its spontaneous termination, which averaged 9.2 min in dog hearts not treated with
Lugol’s solution, significantly decreased to 4.9 min in hearts with Lugol’s solution applied to
the endocardium.*! This finding provides evidence that the specialized conduction system is
important in the mechanism of maintenance of LDVF. These findings also show that the
Purkinje fiber network is highly active during both SDVF and LDVF. The results raise the
question of whether the Purkinje activation actively contributes to the maintenance of VF or
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whether it is merely a bystander. If activations had only been seen to pass from WVM to PF,
the specialized conduction system could have been only a bystander, not contributing to VF
maintenance. Because activations were also detected conducting antegrade from PF to WVM,
it is likely that the Purkinje fibers are an integral part of activation sequences responsible for
VF maintenance. However, it is not known if the Purkinje activations arise from reentry
confined to the specialized conduction system or from reentry circuits involving both Purkinje
fibers and working myocardium.

The finding of frequent focal activations arising from the Purkinje fibers or the working
myocardium is intriguing, yet the possibility of intramural wavefronts propagating toward the
endocardium with breakthrough to the endocardial surface cannot be ruled out. However, the
plunge needle recordings of Newton et al. and Allison et al. indicate that during LDVF in the
dog most wavefronts propagate from the endocardium towards the epicardium.1: 47 Therefore,
frequent endocardial breakthrough of wavefronts traveling in a direction from the epicardium
towards the endocardium would not be expected. In addition, a recent three-dimensional
mapping study in pigs by Li et al. found numerous intramural foci in pigs, consistent with the
intramural distribution of Purkinje myocardial junctions in that species (Figure 8).26 Therefore,
it is possible that many of the focal activation patterns on the endocardium represent true foci.
If so, it remains to be determined if these foci arise from abnormal automaticity, early
afterdepolarizations, or late afterdepolarizations, instead of reentry.

Conclusions

While the mechanisms of VF have been studied extensively during SDVF, the mechanisms
responsible for the maintenance of LDVF remain less understood. The importance of LDVF
studies are amplified by the fact that the majority of clinically relevant episodes of VF do not
receive defibrillation shocks in the field for 4-10 minutes.? Itis likely that multiple mechanisms
including a mother rotor and multiple wavelets play a role in the initial stages of VF, while
Purkinje fibers, either as part of reentrant circuit or as a source of focal activations, are important
during the later stages of VVF. Further clarification of the roles of these different mechanisms
requires extensive 3-D intramural mapping , ideally with optrodes that can record Cag; as well
as the transmembrane potential .52
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Figure 1.

Example of a high frequency mother rotor from an optically mapped guinea pig heart. A) ECG
trace of VF. B) Dominant frequency map showing high frequency activation from a single
region on the LV. C) Snapshots of a long-lasting rotor that rotates clockwise on the anterior
LV wall. Numbers in Panel C are in ms. Reprinted with permission.14
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Figure 2.

Relationship between steepness of the action potential duration (APD) restitution slope and
spiral wave stability. Cycle length (CL, dotted line) is the sum of the APD and the diastolic
interval (DI). A spiral wave rotating at a constant CL reaches a steady state where the CL and
the APD restitution lines cross. A) If the restitution slope is < 1, a small perturbation (a) will
cause oscillating variations in APD and DI that converge back to a steady state. B) If the
restitution slope is >1, a small perturbation (a) causes an increasing oscillation in APD and DI
that eventually causes the DI to be too short to generate an action potential, causing conduction
block and wave break. Reprinted with permission.53
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Figure 3.

Optical maps of perfused rabbit hearts shows two types of VF. A) Mapped area with the right
ventricular outflow tract (RVOT), left atrium (LA), left ventricle (LV), and the lateral anterior
descending (LAD) artery shown. B) Type | or fast VF with multiple wavelets is shown. Red

indicates sites of activation and light colored region denotes depolarized tissue. The tracings

from sites ‘a’ and ‘b’ are shown below. C) Type Il or slow VF. Large wavefronts (shown with
arrows) activate much of the ventricular mass. Reprinted with permission.>*
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Pig

Example of transmural activation during LDVF in a dog and a pig. Electrode 1 is near the
endocardium while electrode 6 is near the epicardium. The endocardium continues to activate
rapidly in the dog while conduction block occurs progressively closer to the endocardium as
LDVF progresses. Purkinje activations (arrows) precede working myocardial activations at the
most endocardial electrodes in the dog recordings. The activation rate slows more uniformly
throughout the wall in the pig as LDVF progresses with no large transmural gradient of

activation rate. Reprinted with permission.4’
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Figure 5.

A) 1.5-second example of dV/dt, with box highlighting the individual beat displayed in B) B,
A wavefront in the working ventricular myocardium (WVM) activates the Purkinje fiber (PF)
activation pattern is shown in which PF activation (yellow) appears to arise from the leading
edge of the WVM wave front (red) as it propagates across the array (24x21 mm). The selected
panels represent frames from a dynamic display of the activation patterns. The frames are
separated at various time intervals, with the time for each frame shown in white. Green
represents an unrelated wave front. In B, letters A through F indicate the locations of electrodes
whose potentials (left) and temporal derivatives of the potentials (right) are shown during the
wave-front propagation. Reprinted with permission.0
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150ms

Figure 6.

A) 1.5-second example of dV/dt, with box highlighting the individual beat displayed in B) B,
PF (yellow) to WVM (red) pattern. A rapidly propagating Purkinje wave front enters the top
aspect of the array and propagates to the bottom left, stimulating a PF-WVM junction, after
which an expanding Purkinje ring of activation appears, followed by a more slowly activating
ring of ventricular myocardium. Temporal derivatives of the labeled electrode recordings are
shown. Reprinted with permission.40
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Figure 7.

A focal activation arising from the center of the array. The focal appearing PF activation
(yellow) is followed by a WVM (red) activation wavefront. The temporal derivative of
individual electrode recordings shows the wavefront initiating at electrode A and spreading
outward toward electrodes D and E. The green represents a non-related wavefront. Reprinted
with permission.40
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Figure 8.

Incidence of intramural reentry and foci at 10 s intervals during VF. Panels A, C and E show
the number of reentry occurrences per s, the number of components per s, and the reentry
incidence (the number of occurrences of reentry divided by the number of components). Panels
B, D and F show the number of foci per s, the number of wavefronts per s, and the foci incidence
(the number of foci divided by the number of wavefronts). The mean values and the standard
deviations from all 6 animals are displayed. A component is a family of wavefronts that interact
with each other through collisions and fractionations. Reprinted with permission.28
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