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A single stationary mother rotor, located in the fastest activating region and giving rise to activation
fronts that propagate throughout the remainder of the myocardium, has been hypothesized to be
responsible for the maintenance of ventricular fibrillation (VF). Others have reported a mother rotor
in guinea pigs and rabbits. We wanted to see if a mother rotor exists in a larger heart, that is, pigs.
Epicardial mapping studies have demonstrated that VF 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 a mother
rotor in the posterior LV. 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. Many wavefronts in the posterior LV entered
the mapped region from the posterior boundary of the mapping array, adjacent to the posterior
descending coronary artery, raising the possibility that a mother rotor is located in the right ventricle
or septum. Since a previous study has shown that the RV activates more slowly than the LV during
VF, the more likely site for a mother rotor was the septum. However, we then performed a study in
which we recorded from the right side of the septum and found that reentry was uncommon there
also and that the activation rate was slower than the posterobasal LV. 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. Indeed, a recent abstract
by others reports that, after propranolol, a stable reentrant circuit is present on the endocardium at

the insertion of the posterior papillary muscle into the LV free wall in pigs.
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ALL PORTIONS OF THE
VENTRICLES MAY NOT BE
EQUALLY RESPONSIBLE FOR VF
MAINTENANCE

While reentry is common in guinea pig and
rabbit hearts during ventricular fibrillation (VF),!2
electrical and optical cardiac mapping in dogs, pigs,
and humans indicate that less than approximately
8% of wavefronts mapped on the epicardium
exhibit reentry during VF.*"® Many of the
remaining wavefronts are annihilated by block or
collision without reentering. Transmural electrical
mapping from a row of plunge needles in swine
revealed that intramural reentry during VF is also

uncommon and short-lived in the anterior left
ventricular (LV) free wall.” One possible reason
for these findings is that, instead of all parts of
the ventricles being equally responsible for VF
maintenance because of wandering wavelets of
activation, reentry is more common and more
sustained in some regions of the ventricles than
others and the studies described above did not
record from these regions in which reentry is more
common.

Recent experimental evidence from Jalife's and
Pertsov's groups suggest that VF is maintained
by reentrant circuits that are localized to a single
myocardial region.”1%1! These same investigators
determined that the peak in the power spectrum
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at each optical recording site varied across the
surface of isolated slabs of sheep ventricular
myocardium and in 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 VF and that
areas with a higher peak frequency had faster
activation rates and shorter refractory periods than
regions with lower peak frequencies. Their findings
are consistent with those of Janse's group that
determined that the activation rate from epicardial
electrical recordings during VF in dog hearts
supported by cardiopulmonary bypass correlated
highly with the effective refractory period (ERP)
before VF was induced.?13

Zaitsev et al. found that the power spectrum
during VF had the same peak frequency over a
mean area of 1.1 cm? of isolated, perfused sheep
RV.” A region in which the peak of the power
spectrum was the same was called a domain.
Optical recordings 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. Many of the wavefronts that arose
in the dominant domain propagated into domains
with lower peak frequencies.! Other wavefronts in
the dominant domain blocked at the boundary with
other domains in a Wenckebach pattern. These
findings suggest that all portions of the myocardium
are not equally responsible for VF maintenance.
Rather, VF is maintained by a single, stationary,
stable reentrant circuit, that is, the mother rotor,
in the dominant domain, which has the shortest
refractory period, and from which activations
propagate into domains with longer refractory peri-
ods. According to this concept, the reason reentry
is uncommon in the studies mentioned in the first
paragraph is that they did not record from the
mother rotor in the dominant domain. Not all
investigators agree with these ideas. For example,
Salama's group did not find evidence for stable
frequency domains in the guinea pig heart.*

If a dominant domain is present, it has important
implications for the treatment or prevention of
VF. Even if a long-lived, fixed location rotor
is not present in the dominant domain, less
stable reentrant circuits there may still give rise
to daughter wavefronts that propagate into the
slower activating domains to help maintain VF.
For example, ablation, pacing, or a small shock

delivered to the dominant domain containing the
mother rotor might prevent VF from being initiated
or prevent it from being sustained.

VF IS NOT A SINGLE
ELECTROPHYSIOLOGIC STATE
WITH A SINGLE LEVEL OF
ORGANIZATION

High-speed cinematography and electrical map-
ping have shown that VF passes through stages
with different levels of organization as its duration
lengthens.!>!® Several lines of evidence suggest
that VF in different animals or patients can
differ markedly, even after the same duration.
Besides differences among species, causes for these
differences include cardiac diseases and drugs.
For example, some drugs raise the activation
rate during VF while other drugs lower it.}” In
some species such as rabbits and armadillos, VF
will frequently terminate spontaneously, while
in others such as pigs and sheep, VF is
almost always sustained.!® While VF is usually
sustained in humans, it occasionally breaks
spontaneously.’® When VF is induced during
implantable cardioverter-defibrillator implantation
in patients with a low ejection fraction (EF) and
dilated ventricles, the activation rate is typically
slower than in other patients?® and the DFT is not
markedly increased even though their hearts are
much larger than in other patients.?! In dogs, the
DFT is greatly elevated in the presence of acute
ischemia,??23 but not MI.2425

In a series of recent articles, Chen's laboratory
has reported that there are two distinct types
of VF.26728 In Type 1 VF, the activation rate is
rapid, reentry is uncommon and short-lived, and
wavefronts follow constantly changing pathways
with little repetition, consistent with wandering
wavelets. While the conduction velocity restitution
curve is flat, the action potential duration (APD)
restitution curve is steep, and Chen and coworkers
believe this steep APD restitution curve is
responsible for conduction block during Type I
VF. In Type II VF, the activation rate is slower
and many wavefronts are large and follow similar
pathways, which Chen et al. believe is consistent
with VF maintenance by a mother rotor. Whereas
the APD restitution slope is flat, excitability is
reduced and the conduction velocity restitution
curve is broad, leading Chen et al. to believe
that this broad conduction velocity restitution is
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responsible for conduction block in Type II VF. The
type of VF appears to be influenced by the duration
of VF, the presence of drugs, and the presence of
heart disease.?°728 All these findings indicate that
VF is not a single electrophysiologic state with a
single level of organization.

THE IMPORTANCE OF DIFFERENT
MECHANISMS FOR CAUSING
BLOCK AND REENTRY DURING VF
IS NOT KNOWN

Several mechanisms for block, which can lead
to reentry, have been proposed. The classical
mechanism is nonuniform dispersion of refractori-
ness.?® An increase in the nonuniformity of disper-
sion of refractoriness increases the inducibility of
VF3® and also increases the duration of sustained
VF in animals in which VF tends to stop spon-
taneously.®! This mechanism is also supported by
the finding that a nonuniform dispersion of refrac-
toriness is present during VF.%? Anatomic structure
has also been proposed as a mechanism that can
influence the occurrence of block and reentry. For
example, studies from Chen's laboratory indicate
that block during VF occurs frequently along the
paths of coronary vessels®® and that reentry circuits
occur around the insertion of papillary muscles into
the ventricular walls.34736 Block has been reported
more likely to occur when wavefronts travel along
the long axis of the myocardial fibers,?” while under
other conditions block has been reported to be more
likely when wavefronts travel across the long axis
of the fibers.3®

Recently, mechanisms for block and reentry
have been suggested that can occur even in tissue
whose properties are totally homogeneous. In
computer and chemical models of excitable media,
block leading to reentry can be induced in a homo-
geneous medium.3 An alternans in APD and/or
cycle length has been shown to be a precursor
to block.***! It has been shown by computer
simulation that reentrant spirals become unstable
and break down into multiple spirals when the
slope of the restitution curve for refractoriness or
conduction velocity is greater than 1.*27% When
the slope is greater than 1, oscillations in APDs
increase with each oscillatory cycle until block
occurs. It has also been shown in a small piece of
isolated heart tissue that the slope of the restitution
curve is greater than 1 during VF and that a drug
that decreases this slope to less than 1 terminated
VF.%

VF may be maintained by more than one of these
mechanisms. VF may be maintained by a mother
rotor about an anatomic obstacle with drugs that
increase VF organization (Type II VF), while VF
may be maintained by wandering wavelets with
block caused by restitution (Type I VF) with other
drugs that decrease VF organization. For example,
Wu et al. have reported Type I VF with drifting
rotors in normal rabbit hearts, which is converted
by the drug D600 to Type II VF with a fixed rotor
anchored at the insertion of the anterior papillary
muscle within the dominant domain.?* It is crucial
to know which of these hypothesized mechanisms
are most important for the maintenance of VF
because pharmacologic agents and/or alterations of
autonomic tone could be effective in preventing
one of these possible mechanisms, but could create
conditions more conducive to the maintenance of
VF by other possible mechanisms.

GLOBAL EPICARDIAL
DISTRIBUTION OF VF ACTIVATION
RATE

The studies of the mother rotor by Jalife's and
Pertsov's groups were performed in isolated slabs
of sheep ventricle”1%% or in isolated rabbit or
guinea pig hearts.®!! The mass of rabbit and guinea
pig hearts is less than 2% of human hearts. The
fact that a mother rotor exists in a small heart does
not necessarily indicate that it exists in a heart 50
times larger. Therefore, we have performed several
studies to determine if a mother rotor exists in
swine, in which the heart is about half the size of
human hearts. In the first study, recordings were
made with a 504 electrode sock pulled over the
ventricular epicardium to determine if there are
different domains of activation rates during VF in
pigs.*” The mother rotor hypothesis proposes that
VF is maintained by a single reentrant rotor in the
most rapidly activating portion of the myocardium,
giving rise to activation fronts that propagate into
slower activating regions, where they frequently
block. We tested two predictions of this hypothesis
during VF: (1) there should be a single maximum
in the distribution of activation rates with the
activation rate decreasing with distance away from
the maximum and (2) the incidence of block should
be greater outside than inside the myocardial region
with the fastest activation rate.

Six 25 seconds VF episodes from each of six
pigs were recorded from 504 electrodes over the
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Figure 1. DF distribution during a VF episode. Panels A-E show maps of the
mean DF at each electrode for 5-10, 10-15, 15-20, 20-25, and 25-30 seconds,
respectively. Panel F shows the mean DF at each electrode over the entire 25
second VF episode. The right of each map denotes the LV and the left denotes
the RV. The apex of the heart is central, surrounded by the base. LAD is at top.
The color scale on the right denotes mean DF in Hertz. The white sites denote
bad electrodes that were not included in the analysis (used with the publisher’s

permission from Newton et al.*7).

entire ventricular epicardium. The electrodes were
divided into four zones of equal area: LV base
and apex (LVB and LVA) and RV base and apex
(RVB and RVA). A Fast Fourier transform (FFT)
was performed on each electrogram and the mean
activation rate was estimated from the dominant
(peak) frequency (DF) while block was estimated to
be present during those time intervals when double
peaks (DPs) were present in the power spectrum.*®
The zones had statistically significant distributions
of DF incidence (Fig. 1, LVB > LVA > RVA >
RVB) and DP incidence (RVA > RVB > LVA >
LVB). Thus, LV epicardium has a higher estimated
VF activation rate and lower block incidence than
RV epicardium, and the apex has a lower estimated
activation rate and higher block incidence than the
base. These findings raise the possibility of a single
rotor maintaining VF in the LV base.

GLOBAL TRANSMURAL
DISTRIBUTION OF VF ACTIVATION
RATE

The main limitation of the previous study was
that electrodes were confined to the epicardium,
so it was not known if yet faster activating
regions were located intramurally. Therefore, we
performed a similar study with plunge needle

electrodes to determine if there are different trans-
mural domains of activation rate during VF.*
We quantified the distribution of activation rate,
conduction block, and organization transmurally
throughout both ventricular free walls during VF
in pigs and dogs, in which the Purkinje distribution
differs. Plunge needles, containing four electrodes
for the RV and six electrodes for the LV spaced
2 mm apart, were inserted into six pig and five
dog hearts in vivo. VF was initiated and allowed
to continue for 45 seconds in five episodes and for
over 3 minutes in a sixth episode. From the FFT
power spectrum, DF and DP were calculated for
each electrode recording.

DF increased (Fig. 2) while DP decreased from
endocardium to epicardium of the entire LV and
the RV base in pigs and dogs for the first 70
seconds of VF. These transmural distributions
of DF and DP reversed in dogs by 2 minutes,
but not in pigs. Thus, estimated activation rates,
amount of block, and level of organization are not
uniformly distributed across the ventricular walls
during VF. The faster activating epicardial regions
experience less block and are more organized
than the slower activating endocardial regions.
These VF descriptors have similar distributions in
both pigs and dogs, suggesting both species may
have a similar mechanism of VF maintenance.
The fact that the fastest epicardial domain is
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Figure 2. Mean transmural DF distribution in a pig
during the first 5 seconds of VF. Each data point
represent the mean DF at plunge needle electrodes with
the most endocardial (endo) electrode to the left and the
most epicardial (epi) electrode to the right for the four
regions (LV base, LV apex, RV base, and RV apex). In all
four regions, the electrodes near the epicardium had a
higher frequency, suggesting a faster activation rate, than
the electrodes near the endocardium.

on the epicardium is fortuitous for epicardial
and electrical optical mapping, since this imaging
modality is currently limited to recording from the
heart surface.

REGIONAL DIFFERENCES IN LV
ACTIVATION SEQUENCES DURING
VF

The results of the previous two studies indicate
that the fastest activation rate in the ventricular
free walls during VF is near the epicardium in
the basal half of the LV. The electrodes in the
two previous studies were too far apart to allow
accurate mapping of VF activation sequences.
Therefore, we performed a study in which we
recorded from 2 of our 528 channel mapping
systems simultaneously to record from over 1000
electrodes totally covering the base of the LV with
electrodes 2 mm apart, which is sufficiently close
to track the epicardial activation sequences.® We
investigated the quantitative characteristics of the
VF wavefronts, separately in the posterior half
and the anterior half of the mapped LV region.
If the region with the highest activation rate, the
dominant domain, contains a mother rotor that
spawns daughter wavefronts, which propagate out
to maintain VF in the other regions, then the
ratio of waves that propagate off a region to those

that propagate onto it (propoff/propon) should be
greater than 1 for the dominant domain and less
than 1 in adjacent domains.

The VF activation rate in the seven pigs studied
was significantly faster in the posterior than the
anterior LV (10.0 £ 1.3 Hz vs 9.3 £ 1.3 Hz). The
anterior LV had a significantly higher fraction of
wavefronts that blocked than did the posterior LV
and had a propoff/propon ration less than 1. The
mean conduction velocity vectors of the VF wave-
fronts pointed from the posterior to the anterior
LV (Fig. 3). While these findings favor a dominant
domain in the posterior LV, the facts that the post-
erior LV had a lower incidence of reentry than the
anterior LV and that the posterior LV did not have
a propoff/propon ration significantly different from
1 do not. Thus, quantitative regional differences
are present over the porcine LV epicardium during
VF. However, these differences are not totally
consistent with a dominant domain within the base
of the LV free wall, even though our previous
study showed it was the fastest activating epicardial
region.

The propoff/propon ratio of the posterior border
of the mapped region adjacent to the posterior
descending coronary artery (PDA) was significantly
less than 1 while the propoff/propon ratio of the
anterior boundary of the mapped region adjacent to
the left anterior descending coronary artery (LAD)
was significantly greater than 1 (Fig. 4). Thus, there
was a significant tendency for activation fronts
to enter the mapped region from the posterior
interventricular groove and to leave the mapped
region toward the anterior interventricular groove.
Therefore, if a dominant domain is the source of
these wavefronts, it could be located in either the
posterior RV or the septum. However, our pre-
vious studies demonstrated that the RV activates
significantly slower than the LV during VF (Figs.
1 and 2). Thus, we decided to next look for a
dominant domain within the septum.

COMPARISON OF VF ACTIVATION
PATTERNS IN THE SEPTUM AND LV

Therefore, we next performed a study in which
we mapped activation sequences on the right side
of the interventricular septum.®® Recordings during
VF were made from two plaques, one on the post-
erior base of the LV and the other on the base
of the right side of the septum (Fig. 5). First,
the plaque was sutured to the posterior basal LV
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Figure 3. Picture of the mapped region with large arrows indicating the mean
direction of propagation of VF wavefronts in six of the seven hearts. The mean
direction of propagation for the seventh heart is in the opposite direction as

indicated by small arrows.

and VF was recorded (before pump group). Next,
cardiopulmonary bypass was instituted and VF was
again recorded (before incision group). Then, an
incision was made through the RV free wall to
allow access to the right side of the septum. The
second mapping plaque was sutured to the septum
and VF was again induced while recordings were
made simultaneously from both mapping plaques
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Figure 4. Propoff/propon ratios for the four edges of the
mapped region. Wavefronts tended to enter posteriorly
and leave anteriorly. Mean + 95% confidence intervals
are shown. P < 0.001 indicates statistical significance;
P = ns indicates no statistical significance (used with the
publisher’s permission).®

(after incision group). The first two sets of VF
recordings from the plaque on the posterior basal
LV served as controls to determine if instituting
cardiopulmonary bypass and making an incision
through the RV altered VF activation in the post-
erior LV.

The activation rate in the septum, 8.6 + 3.0 Hz,
was significantly slower than in the posterior basal
LV, 10.4 + 3.4 Hz. Also, reentry was rare in the
septal recordings, being present in only 1% of wave-
front families, which is even lower than the 2%
incidence of reentry in the posterior LV. The mean
direction of the VF wavefronts was not altered by
bypass and RV incision (Fig. 6). The mean x velocity
for the LV was in the direction from the PDA
around the free wall to the LAD, consistent with
our previous study (Fig. 3).8 The y-velocity vector
for the posterior LV was from the apex toward the
base (Fig. 6). On the right side of the septum, the
x-velocity vector pointed in the opposite direction
compared to the LV, from the PDA through the
septum toward the LAD (Fig. 6). The y-velocity
vector in the septum was not significantly different
than 0.

Toward the end of the study, the mapping array
on the right side of the septum was removed,
and 16 plunge needles were inserted to form a
4 x 4 matrix distributed throughout the region
previously mapped with the plaque (Fig. 5). Each
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Figure 5. Diagrams of the heart indicating the location
of the mapping electrodes on the LV (A) and the right
side of the septum (B). The black dots represent the
individual plaque recording electrodes while the 16 stars
represent the locations of the plunge needle electro-
des. The directions of the x and y components of the
conduction velocity vectors of the VF wavefronts are also
indicated. PDA = posterior descending coronary artery
(used with the publisher’s permission).>©

plunge needle contained three electrodes spaced
1 cm apart to record from the subendocardium
of the LV side of the septum, the middle of the
septum, and the subendocardium of the RV side
of the septum. The peak frequency measured from
the left side, mid, and right side of the septum was
8.6 £2.2,8.7+ 1.6, and 8.9 &+ 1.9 Hz, respectively
(P = ns).

The following findings suggest that a dominant
domain is not located in the central portion of
the septum: (1) reentry is less frequent on the
right side of the septum than on the posterior
basal LV epicardium, (2) the DF at the three
electrodes on each septal plunge needle are not
significantly different, suggesting there was not a
faster activating intramural domain beneath the
mapped RV side of the septum, and (3) the septal
DF is slower than the LV DF. In both the LV and
septal mapped regions, the mean direction of the
spread of activation was away from the intersection
of the posterior LV free wall and the posterior
septum. This finding suggests that, if a dominant
domain containing a mother rotor exists, it is where
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Figure 6. Mean x and y components of the velocity
vectors for VF wavefronts in the LV (circles) and septum
(squares). The mean £ 95% confidence intervals in
m/s are shown. P values represent the probability that
the mean velocity is different than O (used with the
publisher’s permission).>°

the posterior LV free wall joins the septum, which
includes the posterior papillary muscle insertion.
This region is on the opposite side of the heart from
the anterior LV where the dominant domain and
mother rotor have been reported in the guinea pigs
and rabbits.!:34

An abstract presented at the last Heart Rhythm
Society meeting °! supports the possible existence
of a dominant domain at the posterior papillary
insertion. In their study, epicardial recordings were
made over the papillary muscles in pigs and end-
ocardial noncontact mapping was performed in the
LV cavity of pigs and dogs during VF. They found,
particularly after giving propranolol, that reentry
was present on the endocardium anchored around
the posterior papillary muscle while break through
was simultaneously present on the epicardium
overlying the papillary muscle. They also reported
that ablation lesions extending away from the
posterior papillary muscle made VF much more
difficult to induce. Thus, the studies reviewed in
this article suggest that, if a mother rotor is pre-
sent in swine, it may be present near the posterior
papillary muscle.
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