1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Cardliovasc Electrophysiol. Author manuscript; available in PMC 2016 April 10.

-, HHS Public Access
«

Published in final edited form as:
J Cardiovasc Electrophysiol. 2015 October ; 26(10): 1117-1126. doi:10.1111/jce.12753.

Modifying Ventricular Fibrillation by Targeted Rotor Substrate
Ablation: Proof-of-Concept from Experimental Studies to Clinical
VF

DAVID E. KRUMMEN, M.D., F.H.R.S."T, JUSTIN HAYASE, M.D."T, STEPHEN P. VAMPOLA,
M.D.>T, GORDON HO, M.D.*T, AMIR A. SCHRICKER, M.D."T, GAUTAM G. LALANI, M.D."T,
TINA BAYKANER, M.D.*T, TAYLOR M. COE, B.S.*, PAUL CLOPTON, M.S.T, WOUTER-JAN
RAPPEL, Ph.d.8, JEFFREY H. OMENS, Ph.d.#, and SANJIV M. NARAYAN, M.D., Ph.d.,
FH.R.S.T

"Department of Medicine, University of California, San Diego, California, USA

TVeterans Affairs San Diego Healthcare System, San Diego, California, USA
*Department of Bioengineering, University of California, San Diego, California, USA
SDepartment of Physics, University of California, San Diego, California, USA

TStanford University, Palo Alto, California, USA

Abstract

Introduction—Recent work has suggested a role for organized sources in sustaining ventricular
fibrillation (VF). We assessed whether ablation of rotor substrate could modulate VF inducibility
in canines, and used this proof-of-concept as a foundation to suppress antiarrhythmic drug-
refractory clinical VF in a patient with structural heart disease.

Methods and Results—In 9 dogs, we introduced 64-electrode basket catheters into one or both
ventricles, used rapid pacing at a recorded induction threshold to initiate VVF, and then defibrillated
after 1848 seconds. Endocardial rotor sites were identified from basket recordings using phase
mapping, and ablation was performed at nonrotor (sham) locations (7 £ 2 minutes) and then at
rotor sites (8 = 2 minutes, P = 0.10 vs. sham); the induction threshold was remeasured after each.
Sham ablation did not alter canine VF induction threshold (preablation 150 + 16 milliseconds,
postablation 144 + 16 milliseconds, P = 0.54). However, rotor site ablation rendered VF
noninducible in 6/9 animals (P = 0.041), and increased VF induction threshold in the remaining 3.
Clinical proof-of-concept was performed in a patient with repetitive ICD shocks due to VF
refractory to antiarrhythmic drugs. Following biventricular basket insertion, VF was induced and

Address for correspondence: David E. Krummen, M.D., 3350 La Jolla Village Drive, Cardiology Section 111A, San Diego CA,
92161, USA. Fax: 858-552-7490; dkrummen@ucsd.edu.

Other authors: No disclosures.

Dr. Krummen has served as a consultant to Topera Inc., and has received fellowship program support from Medtronic, Boston
Scientific, St. Jude, Biotronik, and Biosense-Webster. Dr. Omens has served as a consultant to InsilicoMed. Drs. Rappel and Narayan
are co-inventors on intellectual property owned by the University of California and licensed to Topera, Inc. Dr. Narayan is a consultant
to InsilicoMed, Abbott Electrophysiology and Medtronic.

Supporting I nformation
Additional supporting information may be found in the online version of this article at the publisher’s website:



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

KRUMMEN et al.

Page 2

then defibrillated. Mapping identified 4 rotors localized at borderzone tissue, and rotor site
ablation (6.3 £ 1.5 minutes/site) rendered VF noninducible. The VF burden fell from 7 ICD shocks
in 8 months preablation to zero ICD therapies at 1 year, without antiarrhythmic medications.

Conclusions—Targeted rotor substrate ablation suppressed VF in an experimental model and a
patient with refractory VVF. Further studies are warranted on the efficacy of VF source modulation.

Keywords

catheter ablation; implantable cardioverter defibrillator; phase mapping; rotors; ventricular
fibrillation

Introduction

Methods

Ventricular fibrillation (VF) remains an important public health problem, accounting for
significant morbidity and mortality.! The implantable cardioverter-defibrillator (ICD) is the
cornerstone of current therapy for this life-threatening arrhythmia, applied either in high-risk
patients? or VF-survivors.3 While effective, defibrillation results in anxiety, depression,# and
increases the risk of death in patients receiving such therapy.>

Currently, therapies to prevent VF are limited. Antiarrhythmic drugs have limited efficacy,®
and may result in serious adverse events.” Ablation strategies have been devised for patients
with monomorphic PVC triggers or channelopathy-related ventricular arrhythmias8 in
whom ablation of triggers from the His—Purkinje system,10 outflow tracts, and papillary
muscles! can suppress VF. However, an incomplete understanding of perpetuating
mechanisms has impeded the routine use of ablation in clinical VVF for patients without such
characteristics.

To date, electrical spiral waves (rotors) have been observed on the endocardium and
epicardium in animall2 and human®3-1° studies of VVF, and may exhibit spatial conservation
over repeated VF inductions.1® Attempts to alter VF have been performed in a canine
model, 16 but whether this concept could be translated to treat human VF as has been shown
in atrial fibrillation” remains untested. We hypothesized that if VF is sustained by
conserved rotors detectable on the endocardium, targeted ablation at such substrate may
modulate subsequent initiation of sustained VVF. In a feasibility study we tested the impact of
VF rotor modulation in an animal model. Since animal studies were promising, we
translated this approach to perform directed human VF rotor site ablation in a patient with
structural disease and VF refractory to standard antiarrhythmic medications.

Animal studies were performed according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Experimental protocols were approved by the Animal
Subjects Committee of the University of California, San Diego, which is accredited by the
American Association for Accreditation of Laboratory Animal Care.

Clinical studies were performed under a specific Institutional Review Board (UCSD and VA
San Diego)-approved protocol (clinicaltrials.gov: NCT01492764). The patient presented
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with multiple, drug-refractory ICD shocks for VF. Written informed consent was obtained
after full discussion risks and potential benefits of the approach.

Canine Procedural Protocol

Mapping

Adult mongrel dogs (age 2.5 * 2 years, weight 20 + 3 kg) were premedicated with
acepromazine (0.05 mg/kg) and morphine (0.5 mg/kg), sedated with a single administration
of propofol (4—-6 mg/kg dose), and mechanically ventilated with isoflurane (1.5-2.5%).
Sheaths were placed in both femoral arteries and veins via cutdown, and a steerable
decapolar catheter (Polaris, Boston Scientific, Natick, MA, USA) was advanced into the RV
apex under fluoroscopic guidance for ventricular pacing.

A 64-electrode basket catheter (Constellation, Boston Scientific) was introduced into the LV
via the retrograde aortic route in all dogs, and simultaneously in both ventricles inn =3
(Fig. 1A). Basket catheter electrograms were recorded as bipolar signals during sinus rhythm
(Fig. 1B and Online Supporting Fig. S1A), and then as unipolar signals during the rapid
pacing protocol for VVF initiation (Fig. 1C), and observed ventricular activation was validated
against expected patterns.18:19 Signals were filtered between 0.05 and 500 Hz (20) with 16-
bit resolution at 1000 Hz (Bard Pro, Boston Scientific, USA).

VF was induced with programmed stimulation consisting of triple extrastimulus pacing then
burst pacing at twice diastolic threshold from the right ventricle using a stimulator
(Medtronic 5328, Minneapolis, MN, USA). Rapid pacing consisted of 5 seconds at a cycle
length (CL) of 300 milliseconds, decreasing in 20 milliseconds steps until a CL of 200
milliseconds was reached, after which the CL was decreased in 10 milliseconds increments
until VF was induced (Fig. 1D) or 2:1 capture was observed, analogous to prior work.20 VVF
was allowed to continue for 10 seconds for mapping, after which the external defibrillator
was charged to 200 J and the animal defibrillated externally, similar to clinical
descriptions.?! The VF threshold (VFT) was defined as the longest pacing cycle length able
to induce VF.20

Multipolar basket electrograms were analyzed offline using RhythmView (Topera Inc.,
Menlo Park, CA, USA\) as described previously,22 using phase analysis23 of unipolar
electrograms (Fig. 2A),14 within physiologic constraints.242> Data were analyzed for the
first 10 seconds of VF or until VF terminated, whichever came first.

Rotational activity was identified as a phase singularity formed at the intersection of
depolarization and repolarization isolines.2® Rotors (Fig. 2B) were defined as regions of
rotational activity that controlled surrounding activation.12 Centrifugal propagation (Fig. 2C)
without rotation was defined as focal activity.1® Disorganized activation® without clear
rotational or focal activity (Fig. 2D) was also documented.

We quantified the prevalence of rotational activity as the percent of VF cycles showing such
activity, and stability as the maximum number of consecutive revolutions of electrical
activity within a region bounded by 2 electrodes in each axis.1®> Additionally, we cross-
referenced rotor sites from analysis of phase maps from unipolar recordings with the bipolar
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recordings obtained during sinus rhythm to evaluate for the prevalence of Purkinje activity at
rotor sites (Online Supplement, Section Il and Fig. S1A).

Canine Sham (Nonrotor) and Rotor Substrate Ablation

Control (nonrotor, “sham”) and rotor substrate site ablation were performed using each
animal as their own control. Sham ablation was performed >3 cm from any identified rotor
site, using an 8-mm ablation catheter (EPT, Boston Scientific, Natick, MA, USA) at 55 W,
55 °C for 30-60 seconds per location, for 5-10 minutes of energy delivery per site.
Ablation!! had a goal ablation area of approximately 1.5-2.0 cm?.

Following sham ablation, VF induction was performed to determine VF threshold using the

study pacing protocol until VF induction or 2:1 capture. If VF was induced, the defibrillator
was charged and the animal was defibrillated. The animal was allowed to recover for at least
5 minutes before subsequent ablation.

Next, VF rotor substrate ablation was performed, targeting observed rotor sites referenced to
basket splines (A—H) and electrodes (1-8) visualized with fluoroscopy.2? Ablation was
performed in the same manner as sham ablation. Following rotor site ablation, VF threshold
was again measured and, if VF was induced, mapping was performed again as described.

In 1 animal, the order of ablation was reversed so that rotor ablation was performed prior to
sham in order to evaluate whether observed effects of rotor ablation were confounded by the
cumulative effect of sham plus rotor ablation.

Electrograms were carefully analyzed to evaluate Purkinje activity at sham and rotor sites;
Purkinje potentials were defined per prior work.2” At the conclusion of the protocol, animals
were sacrificed using pentobarbital sodium and examination of ablation lesions was
performed.

Human Procedural Protocol

The enrolled patient was a 72-year-old male with ischemic cardiomyopathy with history of
prior coronary artery bypass graft surgery and multiple percutaneous coronary interventions.
Ejection fraction was 21% with NYHA class 111 symptoms, and he had undergone ICD
implant, upgraded to biventricular ICD in the prior year. He had previously been intolerant
of amiodarone (severe skin rash), and his VF was refractory to sotalol; he had experienced 7
ICD shocks in the 8 months prior to this procedure, with 5 shocks being in the last 3 months
despite increasing doses of sotalol. His ICD was programmed with VT zone at 170 bpm
with therapies: ATPx4, 36Jx1, 41Jx5. VF zone was programmed at 200 bpm with therapies:
ATPx1, 36Jx1, 41Jx7.

For the procedure, the patient was placed under general anesthesia. Coronary sinus and right
ventricular catheters were positioned. Voltage maps (NavX, St. Jude Medical) were created
of both ventricles using a 3.5 mm open-irrigated catheter (Thermocool, Biosense-Webster,
Diamond Bar, CA, USA). Basket catheters were advanced into the left ventricle
(transseptally) and right ventricle simultaneously, and an electrophysiology study was
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performed analogous to the animal study to induce VF. This comprised single, double and
triple ventricular extrastimuli, from the LV.

Defibrillator charging was initiated as soon as VF was induced, and VF was recorded in the
interval up to defibrillation.15 Biventricular VF maps were analyzed for the period of VF
prior to defibrillation.

Human Rotor Substrate Ablation

Identified endocardial rotor sites were targeted for ablation. Ablation was performed at 35 W
and targeted a 12-ohm impedance drop.! Following ablation, we retested VF inducibility.
The presence of Purkinje potentials at ablation sites was carefully evaluated as described for
canine ablation (Online Supplement, Section Il, Fig. S1B). After the procedure, ICD settings
were unchanged and no antiarrhythmic drugs were prescribed. The patient was followed
carefully by ICD interrogation at monthly intervals, with interim telephone follow-up to
identify any incipient adverse events including pro-arrhythmia.

Statistical Methods

Results
Canine VF

Continuous variables were expressed as mean + standard deviation. The paired #test was
used to evaluate changes in VF induction threshold. Repeated measures analysis-of-variance
with post hoc Bonferroni was used to compare the proportion of VF cycles with rotors, focal
sources, and disorganized activation. The McNemar test was used to compare inducibility in
sham versus targeted ablation. Subject-wise and episode-wise statistics are indicated.
Statistics were calculated using SPSS 19 (IBM, Somers, NY, USA).

\oltage mapping in the canine model revealed preserved voltages throughout both
ventricles. Triple extrastimulus pacing did not induce VF in canines; sustained VF (CL 121
+ 13 milliseconds) was induced in all study animals (Table 1) with 5 seconds of rapid pacing
at a cycle length of 150 + 16 milliseconds. Canine VF was predominantly characterized by
LV rotors (56 + 14% of VF cycles, see online supporting Movie S1), with smaller
proportions of disorganized activity (35 = 15% of cycles, P = 0.01), and focal activation (7
+ 11% of cycles, P < 0.001, Fig. 2E); RV rotors were rare and unstable, and thus not
consistent with drivers. On average, 1.3 £ 0.5 [range 1-2] endocardial rotors were observed,
with an average maximum stability of 10.9 + 4.1 [range 7-19] rotations (Fig. 2F) persisting
1.33 £ 0.50 seconds.

Canine Nonrotor (Sham) and Rotor Substrate Ablation

Sham ablation (n = 9 canines, see Online Appendix, Section 1l for additional details)
involved 6.7 + 2.2 minutes of RF delivery over areas of 1.6 + 0.2 cm2. Sham ablation had no
appreciable effect on the VF induction threshold: pacing CL required to induce VVF was 144
+ 16 milliseconds following nonrotor site ablation (vs. preablation 150 + 16, P = 0.54;
Online Appendix Fig. S2 illustrates sham ablation and subsequent VVF induction threshold
testing).
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Targeted rotor substrate ablation rendered VF noninducible in 6 of 9 animals (P = 0.041 for
noninducibility). In the remaining animals, VF was reinducible at a higher induction
threshold (faster pacing CL of 128 + 16 milliseconds) versus preablation (156 + 14
milliseconds, P = 0.002). There was no difference in maximum rotor stability in these
subjects pre- and postablation (12.7 + 4.2 preablation versus 8 + 5.6 rotations postablation, P
= 0.21). Sham and rotor substrate ablation lesions exhibited epicardial or contralateral septal
discoloration/edema, consistent with transmural lesions.

Figure 3 shows a canine in which sustained VF was initiated with rapid pacing at a CL of
130 milliseconds preablation (Fig. 3A). A rotor was observed at the posteroseptal LV (Fig.
3B). Sham ablation was performed and VVF was reinducible with rapid pacing at a CL of 130
milliseconds. Following targeted rotor site ablation (shown in Fig. 3C), sustained VF could
not be initiated with the pacing protocol (Fig. 3D). Figure 3E shows the proportion of VF
patterns prerotor site ablation (red bars) and postrotor site ablation (blue bars); indicating the
lower proportion of rotors during the brief, nonsustained episode of VVF after ablation. Figure
3F shows gross pathological specimen of a targeted rotor site ablation (green arrow), with an
area of 2.2 cm?,

For the animal in which the order of ablation was reversed, VF induction threshold increased
19% (required pacing cycle length decreased from 160 to 130 milliseconds), after VVF rotor
site ablation. Sham ablation was then performed, with no change in VF threshold (130
milliseconds).

In canines, high-frequency signals consistent with Purkinje potentials were rare, observed at
similar proportions of sham (6 + 11%) and VF rotor substrate sites (9 £ 14%, P = 0.54).

Human VF Rotor Site Ablation and Follow-up

Clinical VF from remote monitoring is shown in Figure 4A. The patient’s increasing burden
of ICD shocks for VVF prior to electrophysiology study is shown in Figure 4B. ICD
interrogation prior to the procedure revealed that 3 or more different PVC origins initiated
sustained VF (and nonsustained arrhythmias, online supplement Section 1V): 2 distinct
morphologies closer to the LV lead (Fig. 4C,D) and a third closer to the RV lead (Fig. 4E)
which elicited triggered LV pacing.

At electrophysiology study, rare, multifocal PVCs were observed at baseline. Following
biventricular basket insertion (Fig. 5A), triple extrastimulus pacing at 500-330-240-180
milliseconds initiated sustained VF (CL 213 milliseconds, Fig. 5B and 5C). VF phase
analysis of recorded electro-grams (Fig. 5C) revealed 4 rotors: 2 LV (Fig. 5D and online
supporting Movie S2) and 2 RV (Fig. 5E, F), located at the mid-lateral and mid-inferior LV,
and the anterolateral and posterior RV.

Rotor sites were targeted for ablation (Fig. 6A), delivering 6.3 + 1.5 minutes of RF energy to
each site. The LV rotors were located at the borderzone tissue adjacent to a large
inferolateral scar (Fig. 6B), and the RV rotors were located at borderzone tissue at the mid-
anterolateral and basal posterior aspects of the RV (Fig. 6C). High-frequency signals
consistent with Purkinje potentials were rare at rotor substrate sites, observed at 3 of 27
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ablation lesions (11%), none at LV rotor site 1 or RV rotor site 2. The anterolateral RV rotor
substrate site was approximately 1 cm from the anterior papillary muscle; other rotor
substrate sites were not adjacent (=2 cm) to papillary muscles. No other endocardial
structures were observed at the rotor substrate sites using intracardiac echocardiography.

Following ablation (white ablation lesions, Fig. 6B, C), triple extrastimulus pacing at 500-
320-220-190 milliseconds induced 5 cycles of self-limiting ventricular fibrillation (cycle
length 245 milliseconds; Fig. 6D) but did not induce sustained VF. Notably, the activation
pattern for this nonsustained ventricular arrhythmia was substantially altered compared with
preablation (Fig. 6E), similar to the animal study, with a reduction in the prevalence of rotors
(51-0%). Sustained VF was no longer inducible with triple extrastimulus pacing. The patient
has consistently been seen at 3-month intervals postablation. There has been no significant
change in his ejection fraction as measured by echocardiography both at 1 month and 1 year
(EF 23%) postprocedure. Importantly, he has had no sustained VF events and zero ICD
therapies in the 1 year since the rotor site ablation procedure (Fig. 6F).

Discussion

There are 2 major findings in the present study. First, ablation at detected endocardial VF
rotor substrate in a canine model decreased VVF inducibility, while ablation distant from rotor
substrate had no impact. Second, targeted VVF rotor substrate ablation alone in a patient with
previously antiarrhythmic-refractory VF completely eliminated VVF over a 1-year follow-up
without antiarrhythmic drugs. These findings support the hypothesis that electrical rotors
contribute to the mechanisms maintaining VF, and that ablation of rotor sites may prevent
sustained VF.

The Role of Ventricular Fibrillation Rotors

Increasing numbers of studies support rotors as a sustaining mechanism for cardiac
fibrillation. First observed in a sheep model of VVF,28 they have been reported in humans
using high-density epicardial electrode arrays.1# Studies of \VF rate gradients in an ischemia
model of VF2? and recent work from our laboratory demonstrate that \/F rotors exhibit clear
spatial preferences and are conserved across repeated inductions of VF.1% Such spatial
homogeneity reflects a dependence upon functional3C and structural alterations,13 which
promote their formation and stabilization. Such stabilization has been shown to predict VF
outcome,1® but this relationship had not previously been supported by rotor site modulation
via ablation and attempted arrhythmia re-induction in humans.

An increasing body of work suggests that rotor ablation prevents subsequent fibrillation. The
CONFIRM triall” and later independent work3! showed that AF rotor ablation improves
procedural outcome at both intermediate and long-term32 follow-up. In prior work, ablation
was shown to suppress canine VVF;16 however, ablation was anatomically rather than
functionally guided. Furthermore, ablation was extensive both in duration (~60 minutes) and
spatial distribution (basal to apical LV), and therefore less suitable for routine clinical usage.

Similar to prior work, VF rotor substrate ablation in this study was performed during sinus
rhythm. Because of this, the direct effects of ablation on scroll waves are unclear. Instead,
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our data support the hypothesis that modulation of rotor substrate sites inhibits the formation
and stabilization of rotors (scroll waves), and thus increases the VF induction threshold,
rather than directly affecting rotors (scroll waves) themselves. Future work is required to
determine the effect of ablation during ongoing VF.

Insights from Canine Studies

Our animal studies show that rotor substrate ablation is feasible and may reduce
susceptibility to VF. There was a similar prevalence of rotors in this study (56 + 14%)
compared to what has been seen in humans.1®> From a safety perspective, neither rotor site
nor sham ablation produced substrate leading to refractory VF in structurally normal
ventricles. We also found that ablation at 1-2 canine VVF rotor substrate sites prevented VF
induction using the pacing protocol in most animals, and increased the VF induction
thresholds in the others, without requiring the more extensive ablation performed in prior
work.16 Sham ablation had no effect on the VF induction threshold, whether performed
before or after rotor site ablation.

Human Study Findings

Prior work has shown that human VF is similar between pacing and shock-induced
episodes, 1533 suggesting that clinical VF may exhibit conserved mechanisms with VF
induced at electrophysiology study. Based on the success of the animal study results, we
proceeded with the first human targeted VF rotor site ablation, which was effective in
suppressing recurrent episodes in a patient with clinical VVF refractory to antiarrhythmic
medications. Notably, RV and LV rotors localized to borderzone tissue, consistent with prior
work.13

Interestingly, following ablation of rotor substrate sites alone, only self-limited VVF could be
induced despite similarly aggressive induction attempts of protocol-driven?? pacing.1® The
activation pattern of this nonsustained VVF was markedly different than preablation, with
little rotor activity. This change mirrors the reduction in rotor stability seen in canines
following VF rotor site ablation. These data reinforce the findings of prior work showing the
importance of the initiation and stabilization of rotors to VVF perpetuation.1®

Relationship to Other Work

Prior work in VF ablation has focused on ablation of \/F triggers from Purkinje fibers,810
outflow tracts, and papillary muscles,!! whose ablation decreased VF events. However, the
utility of this approach in patients with rare, polymorphic PVCs and substantial structural
disease, as seen in this patient, which may lie at sites remote from the Purkinje system or
other identifiable anatomical sites, is unclear. In our study, rotors were infrequently located
at Purkinje sites; further work is required to determine the precise relationship between
rotors and Purkinje fibers.

Importantly, our findings directly implicate rotors as a perpetuating mechanism of VF, as
previously suggested by animal work,3* human observations,13 and computational studies.3®
Larger studies of VF rotor substrate modulation via ablation are required to evaluate the
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broader applicability of this technique. Future studies should also examine the precise
functional and anatomic abnormalities which support rotor formation in susceptible patients.

Limitations

A limitation of this study is the fact that the canine model of VVF lacked ischemic
cardiomyopathy, which was present in our patient, and thus the relationship between the 2
substrates for VF is indirect. However, the canine model and human were linked by the
presence of inducible, sustained VF, with similarities in observed endocardial rotors.
Because localized ablation was able to alter VVF inducibility in both groups, it suggests that
spatially conserved rotor sites are mechanistically central to sustaining VF, and not exclusive
to a particular substrate or disease process. If confirmed in larger trials, our ablation
approach may form the basis for a new therapeutic approach in the management of clinical
VF. A second limitation involves the spatial resolution of the LV and RV 64-electrode basket
catheters (4-5 mm inter-electrode, ~10 mm interspline). Such resolution may miss activation
patterns around and within more complex anatomical geometry such as the papillary
muscles, and may be suboptimally positioned to record Purkinje potentials at the rotor core.
However, the resolution was sufficient to “triangulate” rotor substrate locations between
adjacent electrodes, and allowed ablation to impact VF inducibility. Importantly, unmapped
regions are consistent in the same subject, making interepisode epochs comparable.3® Future
studies are required to better define the optimal extent of mapping and ablation required to
inhibit VVF. Third, only the endocardium was mapped. Endocardial mapping may misclassify
nonendocardial rotors as focal sources, and thus underestimate the true prevalence of VF
rotors. However, only a minority of mapped focal sources were consistent with rotors,
placing an upper limit (<10-20%)1® on this possibility. Fourth, for practical reasons we
could study only the first few seconds of VVF. Early VF is critical, however, because it
initiates the cascade of events leading to sustained VF and clinical sequelae. Fifth, we
studied only a small number of animals and a single patient, though we have reported a
case3’ in which rotor ablation serendipitously occurred, and VF was subsequently not
inducible, and clinical VF was suppressed. Sixth, for safety reasons, sham ablation was not
carried out in our patient, as it was in canines. Seventh, it is possible that not all lesions were
transmural, since average left ventricular thickness for canines in this study was 0.8 + 0.1
cm.38 Since clinical endocardial VT ablation can frequently be successful3® even if lesions
are not transmural, it is possible that critical VF-maintaining substrates were not epicardial
in our study, consistent with papillary and other endocardial locations reported previously.30
Eighth, canines received a single dose of propofol for initial sedation, which may have
altered the electrophysiological properties of the heart and affected rotor formation and
characteristics. Future studies with alternative sedating agents should be considered to avoid
the potential confounding effect of propofol. Finally, it is possible that ablation of an
alternative mechanism, such as Purkinje fibers, and not VVF rotor sites, is responsible for the
clinical effects seen in this study. However, the low prevalence of Purkinje potentials at VF
rotor substrate ablation sites (9 + 14% in canines, 11% in the human case) makes this
scenario unlikely.
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Conclusions

Ablation of rotor sites decreases susceptibility to VF in an animal model. As a proof-of-
concept, we then performed VF rotor site ablation alone in a patient with VF refractory to
antiarrhythmic therapy, which eliminated further episodes of VF without the need for
antiarrhythmic medications. Further studies are needed to define the safety and efficacy of
rotor site ablation for VF management, and to determine the precise structural and functional
abnormalities which promote VF rotor formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Canine electrophysiology study and VF induction. A: Left anterior oblique cine showing

biventricular baskets (left ventricular basket inserted retrograde across the aortic valve, RV
basket via the inferior vena cava). B: Isochronal analysis of left ventricular activation during
sinus rhythm is shown. Note activation from anterior and posterior fascicles (red locations).
C: Isochronal analysis during rapid right ventricular pacing (cycle length 200 milliseconds).
The location of septal breakthrough is indicated by deep red. No rotational artifact is noted.
D: Induction of VF via rapid RV pacing at a CL of 140 milliseconds in canine 7.
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Figure2.
Canine VF activation types, prevalence, and maximum rotor stability. A: LV basket

electrograms near rotor core (average cycle length for EGML in this figure is 145
milliseconds). B: LV isochronal analysis shows mid-posteroseptal LV rotor (green arrow)
with a cycle length of 145 milliseconds (canine 7). Numbers indicate corresponding
electrograms in 2A. C: An example of right ventricular focal activation (green arrows)
during VF (canine 6). D: Disorganized activity during VF (canine 7). E: Preablation canine
VF activation patterns are shown; VF was predominantly characterized by rotors (56 + 14%
of VF cycles), with smaller proportions of disorganized activity (35 = 15%), and focal
activation (7 £ 11%, P values as shown). F: Maximum canine rotor stability is plotted for
each subject; average 10.9 + 4.1 rotations.
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Figure 3.
Canine rotor substrate ablation prevents sustained VVF and reduces rotor prevalence. A:

Rapid pacing at 130 milliseconds induces sustained VF, requiring defibrillation. B:
Isochronal analysis shows mid posteroseptal LV rotor. C: Anteroposterior cine, showing LV
ablation catheter and LV basket catheter, during which targeted rotor substrate ablation was
performed. Ablation delivered 8 minutes of RF energy to rotor substrate site (green arrow).
D: Following ablation, 5 seconds of rapid pacing at 130 milliseconds induces self-limited
VF; more rapid pacing resulted in 2:1 block. E: Comparison of activation type prevalence,
pre and postablation in this animal. Note the decrease in rotor prevalence following
successful ablation from 50% of VF cycles to 18% of VF cycles. F: Visual inspection of
targeted substrate ablation site shows ablated area (green arrow to lesion) measuring 2.2
cm2.
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Clinical VF, burden, and polymorphic triggers. A: Preablation ICD interrogation shows
clinical VF, requiring defibrillation. The patient had a total of 7 episodes of VF in the 8
months prior to ablation. B: Plot of ICD shocks preceding VVF rotor substrate site ablation,
showing an increasing burden despite sotalol therapy. C and D: Two distinct, nonpaced PVC
morphologies initiating VF. E: PVC initiating VF with an origin closer to RV lead which

elicited triggered LV pacing.
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Figureb.
Biventricular human VF mapping. A: Right anterior oblique cine showing biventricular

basket catheters during VF mapping. B: Triple extrastimuli at 500-330-220-180 induces
sustained VF, requiring defibrillation. C: LV basket electrograms (EGMs) surrounding LV
rotor phase singularity during VF. Cycle lengths from EGM 6 (average CL 213
milliseconds) are shown. D: LV isochronal analysis shows counterclockwise LV rotor 1.
Numbers 1-6 indicate corresponding electrograms from 6C. E: RV basket EGMs during VF
surrounding rotor phase singularity showing sequential activation. F: Isochronal plot
showing RV rotor 1. Numbers 1-6 indicate corresponding electrograms from 6E.
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Figure®6.
VF rotor substrate site ablation and follow-up.
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A: Right anterior oblique cine of showing the

ablation catheter positioned at LV rotor site 1. B: LV voltage map and LV rotor site 1 and 2
ablation lesions (white circles), located at borderzone tissue (red to blue voltage areas). C:
RV voltage map showing ablation lesions for RV rotor site 1 (left) and site 2 (right). D:
Following rotor substrate ablation, triple extrastimuli induces self-limited VF (at 500-320-
220-190, lasting <2 seconds), but not sustained VVF. E: Ablation decreased the VVF rotor
prevalence from 51% preablation to 0% postablation. F: ICD interrogation at 1 year shows
no sustained or treated VF events since ablation, without antiarrhythmic drug therapy.
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