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Endocardial focal activation
originating from Purkinje fibers
plays a role in the maintenance
of long duration ventricular
fibrillation

Aim To determine the role of repetitive endocardial focal
activations and Purkinje fibers in the maintenance of long
duration ventricular fibrillation (LDVF, VF>1 minute) in ca-
nine hearts in vivo.

Methods The study was conducted in electrophysiologi-
cal laboratory of Shanghai Ruijin hospital from July 2010
to August 2012. A 64-electrode basket was introduced
through a carotid artery into the left ventricle (LV) of 11
beagle dogs for global endocardial electrical mapping. In
the Lugol’s solution group (n=5), the subendocardium was
ablated by washing with Lugol’s solution. In the control
group, (n=6) saline was used for ablation. Before and after
saline or Lugol ablation, we determined QRS duration and
QT/QTc interval in sinus rhythm (SR). We also measured the
activation rates in the first 2 seconds of each minute dur-
ing 7 minutes of VF for each group. If VF terminated spon-
taneously in less than 7 minutes, the VF segments used in
activation rate analysis were reduced accordingly.

Results At the beginning of VF there was no difference
between the groups in the activation rate. However, after
1 minute of LDVF the Lugol’s solution group had signifi-
cantly slower activation rate than the control group. In the
control group, all episodes of LDVF (6/6) were successfully
sustained for 7 minutes, while in the Lugol's solution group
4/5 episodes of LDVF spontaneously terminated before 7
minutes (4.8 + 1.4 minutes) (P=0.015).In the control group,
at 5.1+ 1.3 minutes of LDVF, a successive, highly organized
focal LV endocardial activation pattern was observed. Dur-
ing this period, activations partly arose in PF and spread
to the working ventricular myocardium. Mapping analysis
showed that these events were consistent with repetitive
endocardial focal activations. No evidence of similar focal
activations was observed in the Lugol’s solution group.

Conclusions Repetitive endocardial focal activations in
the LV endocardium may be associated with activation of
subendocardial PFs. This mechanism may play an impor-
tant role in the maintenance of LDVF.
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Sudden cardiac death (SCD), commonly caused by ventricu-
lar fibrillation (VF), is responsible in China for at least 500 000
deaths per year (1). Typically, patients with SCD due to VF are
not defibrillated for several minutes, even in areas with the
shortest first response times. After 10 minutes of VF, few pa-
tients are successfully resuscitated (2). However, after 5 min-
utes of VF, cardiopulmonary resuscitation (CPR) for 3 minutes
prior to the first shock resulted in 22% survival to hospital
discharge and 4% survival when the defibrillation shock was
given before CPR (3). Thus, survival after more than 5 min-
utes of VF is possible. Furthermore, different treatment algo-
rithms may be preferable during different durations of long
duration ventricular fibrillation (LDVF). As such, it is impor-
tant to understand the mechanisms of LDVF maintenance.
However, despite our understanding of VF initiation and ear-
ly VF, the electrophysiological mechanism by which LDVF is
maintained remains largely unknown (4).

Early VF is characterized by rapid, chaotic activation, after
which a more organized pattern is observed (5,6). Although
the primary VF maintenance mechanism regardless of
VF duration is considered to be reentry into the working
ventricular myocardium (WVM) (4,7), the mechanisms for
short duration VF (SDVF, VF<1 minute) and LDVF may differ
(4,7,8). While in SDVF the dominant driving force is reen-
trant activity, in LDVF it may be Purkinje fiber (PF) activa-
tion (4,7,8). For example, Tabereaux et al (9) reported highly
active PFs throughout the first 10 minutes of VF using an
isolated canine heart model of repetitive endocardial fo-
cal activations during LDVF. Furthermore, these PF were
associated with the genesis of repetitive endocardial focal
activations. Thus, the aim of the present study was to test
whether repetitive endocardial focal activations played a
role in the maintenance of LDVF, and to determine the role
of PF in LDVF maintenance in canine hearts in vivo.

MATERIALS AND METHODS

This study was conducted from July 2010 to August 2012.
Eleven one-year old male beagles (10-12 kg) were pur-
chased from Shanghai Jiao Tong University Agriculture
College and raised under controlled conditions at the De-
partment of Animals for Scientific Research, Shanghai Jiao
Tong University School of Medicine. All procedures were
approved by the Animal Protection Committee of Shang-
hai Jiao Tong University.

Animal preparation

Theanimals were injected intramuscularly with ketamine
(10 mg/kg) and atropine (0.04 mg/kg) for anesthetic
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induction. Anesthesia was maintained with propofol (8-16
mL/kg/h), and animals were restrained and ventilated in a
dorsally recumbent position. Arterial blood gasses, arterial
blood pressure, electrocardiogram, and serum electrolytes
were monitored and maintained within the reference rang-
es throughout the study. The heart was exposed through a
median sternotomy and supported in a pericardial sling. A
31-mm multielectrode basket (Constellation, Boston Scien-
tific EP Technologies, Watertown, MA, USA) was introduced
through a carotid artery into the left ventricle (LV) for global
endocardium electrical mapping. A catheter (model 80993;
IBI, St. Jude Medical, Saint Paul, MN, USA) with one elec-
trode in the right ventricle and the other electrode in the
superior vena cava was inserted for defibrillation.

Subendocardium ablation procedure

In the control group, the LV subendocardium was flushed
with saline (n=6) and in the experimental group with
Lugol's solution (5 g |, and 10 g Kl dissolved in 100 mL de-
ionized H,0; n=5). One rubber thong was twisted around
the pulmonary arteries and veins to prevent the communi-
cation between the pulmonary circulation and the LV. An-
other rubber thong was twisted around the aortic artery to
occlude the LV outflow tract. Through the left femoral ar-
tery access, a catheter was retrogradely positioned through
the aortic valve into the LV apex by fluoroscopic guidance
for drawing blood and solution injection. VF was induced
by 30 Hz current (MicroPace I, EPS 320 Cardiac stimulator,
Micropace EP Inc, Santa Ana, CA, USA) delivered through
the pacing electrode in the mapping basket.

After the blood in the LV cavity was fully drawn out using
a 50 mL syringe, the LV cavity was flushed with saline or
Lugol’s solution. After 10 seconds, saline or Lugol's solu-
tion was withdrawn and the ventricular cavity was fully
irrigated with warm normal saline through a catheter. The
rubber thongs were then released. A biphasic (6/4 ms)
shock (30 J) was delivered from a defibrillator (Teletronic
Pacing Systems, 4510 Implant Support Device, Teletronics
Pty Limited, Malvern, Australia) via catheter electrode to
terminate VF. The total ischemic time was kept to less than
2 minutes. The dogs were allowed to recover for at least 15
minutes, until blood pressure and heart rate returned to
steady state. QRS duration and QT/QTc interval were de-
termined in sinus rhythm (SR) before and after saline or
Lugol ablation.

Signal analysis

PF and WVM activations were identified in the 64-elec-
trode basket recordings using software and manually re-
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checked. PF activations were identified and distinguished
from WVM activations with an algorithm similar to that
previously described (10). The two-point dV/dt was calcu-
lated as follows: [V(n +1) — V(n)]/t. WVM activations were
determined when dV/dt was the most negative during
the complexes that were >4 ms long and when dV/dt was
more negative than -0.5 mV/ms. PF activations were iden-
tified when dV/dt was the most negative during the com-
plexes that were <4 ms long and when dV/dt was more
negative than -0.1 mV/ms.

Long-duration ventricular fibrillation analysis

A 7-minute LDVF was induced by 30 Hz current delivered
through the pacing electrode in the mapping basket. The
electric signals were recorded with a 160 channel, 2 kHz
sampling rate mapping system, and unipolar electrograms
were amplified and band pass-filtered between 0.5 Hz and
1 kHz. Activation rates were measured in the first 2 seconds
of each minute. If VF terminated spontaneously in less than
7 minutes, the VF segments used in activation rate analy-
sis were reduced accordingly. When VF continued for more
than 7 minutes, internal defibrillation was used to stop it.
Ventricular pacing and re-induction of VF following VF ter-
mination were performed to evaluate the excitability of
the ventricles.

Repetitive activity was defined as an activation pattern
that was repeated for >2 consecutive beats (11). We used
repetitive endocardial focal activations to describe the re-
petitive activities observed at the LV endocardium. At the
end of the experiments, all animals were sacrificed and
their hearts were fixed and routinely processed. Transmu-
ral sections of the LV tissues for each heart were obtained
and stained with hematoxylin and eosin to determine the
extent of myocardial injury caused by Lugol's solution.

Statistical analysis

Statistical analysis was conducted using SPSS 16.0 for Win-
dows (SPSS Inc, Chicago, IL, USA). Data are expressed as
mean +standard deviation. Normality 6f distribution was
tested by Shapiro-Wilk test. Paired t tests were performed
to compare the QRS duration and QT/QTc interval before
and after Lugol ablation. Differences in activation rate
between control and Lugol’s solution group were deter-
mined by independent-samples t tests. Due to the small
sample size, Fisher exact test was used to access the ability
of LDVF sustaining for 7 minutes. P<0.05 was considered
significant.

RESULTS
Basic electrophysiological parameters

There was no significant difference in age between the two
groups. In the Lugol's solution group, all animals regained
sinus rhythm after ablation. Compared with the baseline,
the body surface electrocardiogram immediately indicat-
ed left bundle branch block (Figure 1A). Lugol ablation sig-
nificantly increased the QRS duration by 110% (P<0.001)
during SR and significantly lengthened the QT and QTc in-
terval compared with the baseline (47% and 56%, respec-
tively; P<0.001 and P=0.002) (Figure 1B).

Endocardial recordings

PF and WVM activations were recorded in control group
animals during SR and LDVF. After Lugol ablation, PF acti-
vations were no longer observed. At the beginning of VF,
there was no significant difference in the activation rate
between the groups (P=0.052). However, after T minute
of LDVF, the Lugol's solution group had significantly slow-
er activation rate than the control group (1 min, P=0.006;
2 min, P=0.003; 3 min, P=0.005; 4 min, P=0.031; 5 min,
P=0.021; 6 min, P=0.030) (Figure 2). In the control group,
all LDVF episodes (6/6) were successfully sustained for 7
minutes, while in the Lugol’s solution group 4/5 episodes
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FIGURE 1. Basic electrophysiological parameters pre-ablation and
post-ablation. (A) Actual recordings of lead Il of the surface ECG. After
Lugol ablation, a morphology indicative of left bundle branch block
pattern immediately developed and (B) QRS duration and QT/QTc
interval were significantly prolonged.
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spontaneously terminated before 7 minutes (4.8 + 1.4 min-
utes) (P=0.015) (Figure 3). Sinus rhythm was regained in all
animals in the control group and in 3/5 animals in the abla-
tion group. After the termination of LDVF, the ventricles of
both groups were excitable.

Repetitive endocardial focal activations

In the control group, a successive, highly organized focal
LV endocardial activation pattern was observed at 5.1+ 1.3
minutes of LDVF (Figure 4B). During this period, activations
partly arose in the PF and spread to the WVM. Mapping
analysis showed that these events were consistent with
repetitive endocardial focal activations (Figure 4D). There
was no evidence of repetitive endocardial focal activations
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FIGURE 2. Activation rates of the 64-electrode basket. Average activa-
tion rates (mean with bars showing standard deviation) for Lugol’s
solution and control group. Significant differences are denoted with
asterisks. The mean activation rates of 1-6 minutes of ventricular
fibrillation (VF) were significantly slower in the Lugol’s solution than
in the control group. Statistical analysis was not performed for the 7
minutes data as VF persisted in only one heart in the Lugol’s solution
group in this period.
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FIGURE 3. Electrical activations were recorded until long duration
ventricular fibrillation (LDVF) abruptly terminated. Electrogram (top)
and its temporal derivative (bottom) from a basket in a Lugol-ablated
heart demonstrate the spontaneous termination of LDVF. No Purkinje
activations were detected.
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in the Lugol's solution group. The earliest PF activation oc-
curred in the septal-basal electrodes in the control group .
In the Lugol’s solution group, there was no evidence of en-
docardial focal activation originating from PF.

Histological findings

In the Lugol’s solution group, 5 serial transmural sections
were examined. Myocardial fibers showed both stretching
and waviness, and the subendocardium showed acute ne-
crotic changes including cytoplasmic homogeneity and
pyknosis. These histological findings were similar to those
reported in previous canine studies (12-14).

DISCUSSION
The major findings of the current study were that the

Purkinje system ablation caused a prolonged QRS duration
and QT/QTc interval, a significant decrease in the VF activa-
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FIGURE 4. Examples of repetitive endocardial focal activations during
long duration ventricular fibrillation (LDVF). (A) ECG continued to
exhibit a polymorphic ventricular tachycardia-like pattern (left to

the vertical line), while an organized activation pattern was present
on the endocardium (right to the vertical line). (B) Electrogram (top)
and its temporal derivative (bottom) from a basket in a control group
heart. LDVF changed abruptly from a disorganized activation pat-
tern to an organized activation pattern. The box in B represents the
selected beats displayed in Figure 4. (C) Beats in more detail. Arrows
indicate PF activations. (D) 64-electrode basket orientation in the LV.
The catheter contained eight splines each with eight electrodes (tri-
angles). Apical electrodes are located toward the center of the display
(a) and basal electrodes toward the periphery (b). Activation times are
indicated by the color bar. The electrical mapping was consistent with
repetitive endocardial focal activations, and the earliest activation
was in the septal-basal electrodes.
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tion rate after 1 minute of VF, earlier spontaneous termi-
nation of LDVF, and disappearance of the repetitive endo-
cardial focal activations in the control group during LDVF.
These data suggest that repetitive endocardial focal activa-
tions at the LV endocardium might be associated with acti-
vation from the subendocardial PF, which in turn may play
an important role in the LDVF maintenance.

PF are specialized to rapidly conduct impulses. Ventricular
discharge through the Purkinje system is defined as a stan-
dard electrocardiogram QRS complex, which corresponds
to depolarization of the right and left ventricles. The QT in-
terval represents electrical depolarization and repolariza-
tion of both ventricles. Electrical impulse propagation was
reported to occur significantly faster in PF than in WVM
(0.3-0.4 mm/ms vs 2-3 mm/ms) (15). In the present study,
PF in the LV were destroyed by Lugol ablation of the sub-
endocardium, which led to propagation of the activation
wave front from the WVM to the WVM, but not from the
PF to the WVM. Therefore, the time required for LV depolar-
ization was prolonged. Accordingly, the QRS duration after
ablation was significantly longer than at the baseline. Also,
a signal morphology indicative of left bundle branch block
immediately developed in the body of ECG.

The VF activation rate in both groups slowed down grad-
ually and decreased significantly after 1 minute of VF fol-
lowing Purkinje system ablation. These data suggest that
although reentrant activity in the WVM might be the domi-
nant driver of activation during the first minute of VF (16),
PF activation plays an important role in wave front activa-
tion after 1 minute of LDVF.

In LDVF the Purkinje system is activated more rapidly than
WVM, as PF are more resistant to global ischemia during
VF than working myocardial cells (17-20). This may be due
to the increased metabolic load required for the contrac-
tions of myocardial cells and to the increased glycogen
stored in PF. Furthermore, in dogs as well as in humans,
the Purkinje system is situated near the endocardium and
thus receives a lesser insult than the WVM because of ox-
ygen diffusion from the nearby LV cavity. In addition, al-
though the refractory period of PF in SR is longer than for
myocardial cells, it is shorter when PF is activated rapidly.
The rapid activation rate observed in VF may reduce the
refractory period of PF below that for the WVM, thus en-
abling PF to activate faster (21). Therefore, after Lugol ab-
lation, when the Purkinje activations were entirely elimi-
nated within the mapped regions, a change in the LDVF
activation rate was observed.

In the Lugol’s solution group, activation rates in four ani-
mals slowed down to approximately 2/s and then sponta-
neously terminated, while in no control animal activation
rates slowed down to 2/s or terminated during 7 minutes
of LDVF. There may be a minimum required activation rate
for sustaining the intramural reentry, which is considered
important in maintaining VF (22-24). In pigs, the percent-
age of wave fronts that appeared de novo in the WVM in-
creased with increasing duration of VF. Since in these ani-
mals, the Purkinje-muscle junctions are extended from the
endocardium almost to the epicardium, the Purkinje sys-
tem is a likely source of activation fronts (8). As such, the
Purkinje system may play a crucial role in sustaining LDVF
by maintaining a minimum activation rate required for in-
tramural reentry to maintain VF.

Tabereaux et al reported in an isolated canine heart mod-
el with a relatively small mapped area that PF were highly
active throughout the first 10 minutes of VF (9). Using the
same model, Dosdall et al ablated the Purkinje system with
Lugol’s solution and found that LDVF was spontaneously
terminated earlier than in the control group (25). However,
this perfused isolated heart model did not include auto-
nomic system control, which is known to alter outcomes
in intact hearts and clinical VF (9). In the present study,
we employed an in vivo heart model and found that the
Purkinje system played an important role in the mainte-
nance of LDVF.

A number of studies have described different phases of ac-
tivity in the first several minutes of VF (5,11,26,27). Early VF
is characterized by rapid, chaotic activation, followed by a
brief period of greater organization, with larger and more
repetitive wave fronts. Panoramic optical mapping of con-
tinuously perfused, non-ischemic, fibrillating swine hearts
demonstrated that most wave fronts were continuous and
persistent throughout the mapped episodes (28); non-
epicardial sources of activation were not necessary for VF
maintenance. Although this may be true for SDVF or per-
fused VF, the incidence of epicardial reentry decreases with
progression of global ischemia (5). After several minutes
of unperfused VF, there is a period of increased conduc-
tion block, smaller wave fronts, and slower activation rates
(5,11). Although early VF is driven primarily by reentrant ac-
tivity in the WVM, these changes in VF characteristics sug-
gest that VF persisting for more than a few minutes may
be driven by an alternative mechanism.

Similarly to Tabereaux et al (9), we found a frequent fo-
cal activation during LDVF that arose in either PF or
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WVM. They further found that 42% of the focal wave fronts
arose in the PFs, and in 82% of these wave fronts, the PF ac-
tivation appeared to propagate into and initiate a WVM ac-
tivation. Using electrical mapping, we also observed the re-
petitive endocardial focal activation phenomenon that was
described previously in isolated rabbit hearts during LDVF
(29). This study found that the repetitive endocardial focal
activations appeared as two activation patterns (ie, with or
without a “narrow-wave” pattern)(29). Although the under-
lying mechanism of repetitive endocardial focal activations
with a“narrow-wave” pattern was unclear, it was consistent
with an activation propagating from PFs to WVM (9).

Li et al (30) in their study on canines reported periods
of organization during LDVF in which large wavefronts
spread across almost the entire mapped region. This tran-
sition from a disorganized to an organized pattern was
rapid and distinct, and during this period, activations
partly arose in PF and spread to the WVM. Furthermore,
mapping analysis showed that these events were con-
sistent with repetitive endocardial focal activations, with
the earliest activation site in the septal-basal electrodes
(10,31). After Lugol ablation, the number of repetitive en-
docardial focal activations was significantly decreased,
and LDVF was terminated spontaneously. Furthermore,
pretreatment with the calcium chelator 1,2-bis(2-amino-
phenoxy)ethane-N,N,N'N'-tetraacetic acid-acetoxymethy!
ester (BAPTA-AM) suppressed the genesis of repetitive en-
docardial focal activations and pacing-induced ventricular
arrhythmia during LDVF (32).

There are a number of limitations of this study. First, the
basket electrodes were widely spaced so that fine details of
endocardial activation sequence were not identified. Sec-
ond, intramural recordings were not made, and we were
unable to determine whether the earliest activation initi-
ated in specialized conduction system or in the working
myocardiocytes of the epicardium and midwall. Third, this
study only focused on the healthy canine heart, as various
pathological changes affect the maintenance of LDVF. The
sample size was small, so more investigations are needed
to confirm our findings.

Repetitive endocardial focal activations at the LV endocar-

dium may be associated with activation from the suben-

docardial PF, which may play an important role in the LDVF

maintenance. The repetitive endocardial focal activations

observed in this study showed a high degree of organiza-

tion. Thus, different treatment strategies may be prefer-
able during different LDVF durations.
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