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Abstract

Background: Current treatment options for atrial fibrillation (AF), the most common arrhythmia 

in clinical practice, have limited success. Previous attempts at treating AF using implantable 

devices have been limited by the painful nature of high-voltage shocks.
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Objectives: This first-in-human feasibility study was undertaken to translate the novel low

voltage MultiPulse Therapy (MPT), which was previously been shown to be effective in 

preclinical studies in terminating AF, into clinical use.

Methods: 42 patients undergoing AF ablation were recruited at 6 investigational centers 

worldwide. Prior to ablation, electrode catheters were placed in the coronary sinus, right and/or 

left atrium for recording and stimulation. After the induction of AF, MPT, which consists of up 

to a 3-stage sequence of far- and near-field stimulation pulses of varied amplitude, duration and 

inter-pulse timing, was delivered via temporary intracardiac leads. MPT parameters and delivery 

methods were iteratively optimized.

Results: In the 14 patients from the Efficacy Phase, MPT terminated 37/52 (71%) of AF 

episodes with the lowest median energy of 0.36J (IQR 0.14–1.21) and voltage of 42.5V (25–75). 

38% of AF terminations occurred within 2 seconds of MPT delivery (p<0.0001). Shorter time 

between AF induction and MPT predicted success of MPT in terminating AF (p<0.001).

Conclusions: MultiPulse Therapy effectively terminated AF at voltages and energies known to 

be well-tolerated or painless in some patients. Our results support further studies of the concept of 

implanted devices for early AF conversion to reduce AF burden, symptoms and progression.

CONDENSED ABSTRACT

Current treatments options for atrial fibrillation (AF), such as catheter ablation or anti-arrhythmic 

medication, have limited success rates. Previous attempts at using implantable devices to 

cardiovert AF soon after its onset were abandoned as the shocks were deemed too painful for 

patients to tolerate. This first-in-human feasibility study was undertaken to translate the novel 

low-voltage MultiPulse Therapy (MPT), into clinical use. MPT, which consists of up to a 3-stage 

sequence of far- and near-field stimulation pulses of varied amplitude, duration and inter-pulse 

timing, effectively terminated AF at voltages and energies known to be well-tolerated or painless 

in some patients.
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INTRODUCTION

Atrial fibrillation (AF) is a global epidemic with approximately 33.5 million individuals 

affected worldwide and close to 5 million new cases occurring each year (1), costing the US 

healthcare system between $6 and $26 billion annually (2). Atrial fibrillation is a progressive 

disease, with many patients first developing paroxysmal AF, and if left untreated, can 

progress from paroxysmal to persistent or permanent AF, due to electrical and structural 

remodeling (3), changes in the autonomic nervous system and Ca2+ handling abnormalities 

(4), all of which create a more proarrhythmic atria that further exacerbates AF (5). Because 

of these rapid changes in the atria after AF onset, a therapy to treat AF soon after onset may 

slow the progressive nature of AF.
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In the 1990s, there was significant interest in the atrial defibrillator, an implantable device 

designed with the intent of cardioverting AF soon after its onset to restore sinus rhythm, 

reduce symptoms, prevent atrial remodeling and potentially negate the need for long-term 

anticoagulation (6,7). The atrial defibrillator was successful in acutely cardioverting AF 

though it was ultimately abandoned as the shocks were deemed too painful for patients 

to tolerate for a non-life threatening arrhythmia such as AF, when repeated shocks were 

required following early AF recurrences (8–11).

In several preclinical studies, we reported that multiple low-energy, low-voltage pulses can 

terminate both AF and ventricular tachycardia as successfully as a conventional high-energy 

biphasic shock (12–14). As the energy and voltage required to cardiovert the arrhythmias 

varied according to the timing of the pulse in relation to the phase of the tachyarrhythmia 

cycle (15,16), a series of low-energy far-field pulses increased the probability of a pulse 

being applied within the critical time window for successful termination of AF. Critically

timed low-energy far-field and near-field electrical pulses can induce multiple virtual 

electrodes at areas of structural heterogeneity, which generate new wavefronts that interact 

with fibrillatory drivers, leading to the destabilization and unpinning of these drivers (16–

19). Here, we present the results of our first-in-human translational study investigating the 

safety and feasibility of low-energy MultiPulse Therapy (MPT) in terminating AF in patients 

undergoing catheter ablation.

METHODS

Study design

This was an open-label, multicenter study involving the first-in-human acute testing of MPT 

algorithms in patients undergoing catheter ablation of AF. The study consisted of 42 patients 

undergoing transvenous catheter ablation of AF for documented paroxysmal or persistent 

AF at 6 centers worldwide (Imperial College London, United Kingdom; University Hospital 

Brno, Brno, Czech Republic; Hôpital Cardiologique du Haut-Lévêque, Bordeaux-Pessac, 

France; Na Homolce, Prague, Czech Republic; Institut klinické a experimentální medicíny, 

Prague, Czech Republic; Sequoia Hospital, Redwood City, California). Exclusion criteria 

included NYHA Class III-IV heart failure at the time of enrollment, left ventricular ejection 

fraction < 40%, history of thromboembolic events, or the presence of a mechanical tricuspid 

heart valve or an active implantable device. The study was performed in compliance with 

the Declaration of Helsinki and the institutional review board or research ethics committee 

of each participating center approved the study protocol. All patients gave written informed 

consent prior to the start of the study after a complete discussion of benefits and risks. This 

was a single arm study with no pre-defined statistical endpoints, and without blinding. The 

subject demographics are reported in Table 1.

Study Protocol

All procedures were performed according to each center’s standard of care for AF ablation. 

The study protocol was performed prior to the clinically indicated AF catheter ablation 

procedure and is summarized in Figure 1A. Following the introduction of femoral venous 

sheaths and catheters, defibrillation leads were placed in the heart (Figure 1B & 1C). 
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Multipolar catheters were positioned in the right and left atrium (RA and LA respectively) 

and, in some cases, also at the LA roof for electrogram recordings. Multiple electrode 

configurations were used in this study. In the majority of cases, a single-coil cardioversion/

defibrillation lead (Model 6937/A, Medtronic, Dublin, Ireland) was placed in the distal 

coronary sinus (CS) and a second defibrillation lead (Model 6944), utilizing the distal coil, 

was positioned to maintain tissue contact along the septal wall or crista terminalis of the RA 

(Figure 1B). A CS to LA vector was also tested in some patients with a multipolar catheter 

placed in the LA (Figure 1C), via a transseptal puncture. Following the placement of leads 

and electrodes, MPT was delivered by the Cardiac External Stimulation System research 

stimulator (Cardialen Inc., Minneapolis, MN) to terminate AF.

MultiPulse Therapy

MultiPulse Therapy (Cardialen, Inc., Minneapolis, MN) is a novel low-energy therapy 

designed to treat tachycardia and fibrillation. The MPT algorithm consists of up to a 3-stage 

sequence of far- and near-field stimulation pulses of varied amplitude, duration, and inter

pulse timing (Figure 1D). In this study, varying numbers of MPT stages were delivered per 

episode, with all MPT deliveries consisting of at least of Stage 1 therapy. Stage 1 involves 

far-field biphasic shocks triggered by an R-wave and delivered between the defibrillation 

coils during the ventricular effective refractory period. Stages 2 and 3 are far-field and 

near-field monophasic pulses and delivered with a programmable interval.

In the course of translating this therapy from experimental models to human subjects, 

changes were made iteratively to the methods. The MPT therapy parameters were changed, 

the therapy vectors were varied (CS-RA; CS-LA roof), the time from induction of AF to 

therapy onset varied (120 sec, 15 seconds), and the locations of the leads and electrode 

catheters were varied.

The study objectives were to determine the safety and efficacy of MPT therapy in humans, 

and to describe the atrial response to MPT therapy at a variety of programmed settings in 

patients with AF. The specific details on therapy (outcome, time in AF, time to Normal Sinus 

Rhythm (NSR) if applicable and voltage) for all 296 MPT deliveries in the Efficacy Phase 

with detailed data analysis are provided in Online Table 1. The electrogram traces for 276 

of these 296 MPT deliveries are presented in Online Figure 1. Twenty therapies were not 

recorded on the EP recording system. These electrogram traces include when a low-voltage 

5V MPT was delivered to assess impedance and is denoted in the traces.

Statistical Analysis

Continuous variables are presented as median (IQR, Q1-Q3) and categorical variables are 

represented as frequencies and percentages. Post-hoc comparison was performed by non

parametric tests as noted in the text and online supplement. A p value < 0.05 was considered 

statistically significant. All analyses were performed with SAS software version 9.1 (SAS 

Institute Inc, USA), R v 3.5.1 and Prism 8.02 (GraphPad, USA). The statistical methods 

used to measure the efficacy of MPT, the causal relationship between MPT delivery and 

AF termination, and the determinants of MPT efficacy are presented in detail in the Online 

Supplement.
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RESULTS

A total of 42 patients were enrolled in the study. Because of the nature of this translational 

study, whereby the MPT parameters and vectors were iteratively optimized, the patients 

were retrospectively classified into two sequential groups. The first group (Group 1 – 

Translational Phase) consisted of the initial 26 patients. Of those 26 patients 13 were 

excluded due to incomplete waveform data, and 1 because AF was not reliably induced and 

the lead position was unstable thus MPT was not delivered.. The remaining 12 patients in 

this group had MPT delivered ~120 seconds after AF induction, and there was variation of 

MPT parameters and vectors as the therapy was being optimised. The latter 16 consecutive 

patients (Group 2 – Efficacy Phase) is the focus of this manuscript and all efficacy analysis. 

Group 2 had MPT therapy delivered ~15 seconds post-AF induction, and had more uniform 

MPT parameters. Of these 16 consecutive patients in Group 2, 1 was excluded from the 

analysis due to AF refractory to transthoracic cardioversion and 1 due to lack of waveform 

data resulting in 14 analyzed patients. Patient demographics and clinical characteristics are 

reported in Table 1 and the flow of patients is depicted in Figure 2. The specific details on 

MPT therapy including outcome, time in AF, time to Normal Sinus Rhythm (NSR) when 

applicable, and voltage for all 296 MPT deliveries and the electrograms of the Efficacy 

Phase are provided in Online Table 1 and Online Figure 1, respectively.

Group 1 – “Translational Phase”

In this first group of patients, a safe and reproducible method of placing transvenous leads 

via the femoral venous approach was developed, and we confirmed that MPT can be safely 

and reliably delivered in humans. The preclinical MPT parameters, lead placements and 

electrotherapy vectors were systematically modified and optimized for use in humans. For 

these first 12 patients analysed in this group, 241 MPTs were delivered with 3 terminations 

(1.2% success), with a median voltage and energy of 25V (25–37.5) and 0.16J (0.14–0.29) 

respectively.

Efficacy of MPT (Group 2 – “Efficacy Phase”)

Of the 14 patients analysed in this group, MPT converted AF in 10/14 (71%) patients, using 

an arbitrary definition of success of AF termination within 20 seconds of MPT delivery. 

Representative intracardiac electrograms showing termination of AF with MPT are shown 

in Figure 3A. MPT terminated AF at a median lowest energy of 0.36J (0.14 – 1.21) and a 

median lowest leading-edge voltage of 42.5V (25–75) (Figure 3B and 3C). On a per episode 

termination basis, 37 of the 52 AF episodes (71%) terminated by MPT, the median energy 

leading-edge voltage were 0.58J (0.15–1.15) and 50V (25 – 75), respectively (Figure 3D). 

We also report other stricter definitions of success, such as termination of AF within 5, 

10 and 15 seconds of MPT, which resulted in lower success rates (33%, 44% and 58%, 

respectively), but without affecting the median energy and voltage (Figure 3E, 3F, 3G).

Causal relationship between MPT and AF termination

Because most patients had paroxysmal AF and MPT was delivered into induced AF, which 

can terminate spontaneously, analyses were performed to support a causal relationship 

between MPT delivery and AF termination. Figure 4A shows the AF durations for each 
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MPT delivery and Figure 4B shows that the temporal relationship between MPT delivery 

and AF termination follows a skewed distribution, with a median time to conversion of 6.1± 

6.8s. (Kolmogorov-Smirnov test, p < 0.0001).

To exclude the possibility that the AF terminations were spontaneous and unrelated to MPT, 

the effect of single and multiple MPTs on AF termination rates (n = 12, 44 AF episodes) 

were compared to the rates in patients where no MPT was delivered for > 60 seconds (n = 

7, 18 AF episodes) (only episodes where AF was sustained for > 15 seconds were included, 

Figure 4C and 4D). Overall, the MPT arms had greater AF termination rates (single MPT 

73%, multiple MPT 72% vs controls 22% at 60 seconds following AF induction, p = 0.019 

and p = 0.008, respectively), suggesting MPT causally contributed to AF terminations.

Determinants of MPT efficacy

Univariate and multivariate analysis demonstrated that MPT success was significantly 

related to the time between AF induction and MPT delivery (Figure 5). A trend between 

AF cycle length and MPT terminations was observed in some statistical models (p = 0.06). 

Unlike single biphasic shocks, there was no relationship between MPT strength (voltage and 

energy) and the conversion rate, suggesting of a different mechanism of action for MPT. 

Beta-blocker (p=0.16) and anti-arrhythmic drugs (III vs none, p=0.53, IC vs none, p=0.50) 

also did not affect MPT efficacy. Although the therapy vectors were not associated with 

MPT success in the multivariate analysis, there was a trend towards statistical significance 

for the Stage 1 vector being a determinant of the energy required to terminate AF. In the 

Efficacy Phase (Group 2), 81% of the 296 therapies delivered were via the LA to CS 

vector with the remaining 20% delivered via the RA to CS vector. The energies required to 

terminate AF with the CS-LA vector was 0.45J (0.14–0.61) (n = 27) compared with 1.16J 

(1.14–1.54), for the CS-RA vector (n=10) (p = 0.089, permutation test).

Clinical safety of MPT

MPT therapy was delivered in total 666 times in 42 subjects during this study. There were 11 

adverse events (AE) in the study. Of those 11 AEs, one event was unrelated to the study and 

10 were related to MPT delivery. Eight AEs in 5 subjects occurred when MPT was delivered 

into sinus rhythm due to AF termination prior to MPT therapy, resulting in reinitiation of 

AF. The remaining 2 adverse events were observed early in the study in one subject, when 

MPT extended into the T-wave and induced VF. In one AE, VF was non-sustained having 

a duration of < 5 seconds. In the second AE, the subject was treated with one successful 

transthoracic defibrillation shock and no untoward effects were reported after the procedure.

In these two instances of VF being induced by MPT, the prior ventricular rate was >120bpm 

and the R-T interval was approximately 110ms, measured from the peak of the R-wave to 

the onset of the T-wave. Unlike standard high-energy therapy, where a short 10ms (6/4ms) 

biphasic shock is delivered, MPT consists of multiple pulses with an S1-S1 interval, thus 

creating a longer duration during which therapy is delivered. There is therefore a higher 

probability of extending therapy delivery into the T-wave, which is exacerbated by a short 

R-T interval. An implantable device would have a minimum R-R interval criterion, which 

must be met before therapy is delivered, to avoid this occurrence.
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DISCUSSION

This first-in-human study demonstrates the efficacy of low-energy, low-voltage MPT for 

the treatment of AF. The median lowest energy and leading-edge voltage required for 

AF termination in the Efficacy Phase patients were 0.36J (0.14–1.21) and 42.5V (25–

75) respectively. Kaplan-Meier analysis comparing of MPT-treated patients to non-treated 

patients showed that MPT significantly increased AF conversion to sinus rhythm compared 

to no treatment.

Low-energy low-voltage cardioversion with MPT

In this study, the energies and voltages required to successfully cardiovert AF in humans 

were comparable to those reported in our in vivo preclinical studies. In our previous 

studies in acute and persistent AF in canine models, the mean defibrillation thresholds 

were 0.19±0.12 J and 0.16±0.16 J respectively (12,14). For comparison, the median lowest 

energy in the Efficacy Phase in this study was higher at 0.36J (0.14–1.21), but was still lower 

than the energy previously reported to be required for a single biphasic shock (mean±SD 

1.48±0.91 J) (13). This higher atrial cardioversion threshold with MPT in man might be due 

to the larger size of the human atrium versus the canine model, and in addition the human 

subjects all had an intrinsic atrial pathologic process leading to spontaneous development 

clinically of atrial fibrillation while the canine model had no spontaneous atrial fibrillation. 

Variations in the minimum energy required for AF cardioversion between humans and 

canines also may in part be due to anatomical differences and the resultant differences in 

positioning of the intracardiac catheters and defibrillation coils. In our study, Stages I and 

Stage II of MPT were delivered across either a CS to RA vector or CS to LA roof vector, 

whereas the canine studies used either a left atrial disc electrode (12) or a defibrillator lead 

in the left pulmonary artery (14), in addition to defibrillator leads in the coronary sinus and 

right atrium. In both of the canine studies, the vectors for Stages I & II of MPT were more 

extensive, across both atria.

Pain perception with MPT was not formally assessed in this study as patients were either 

under general anesthesia or deep sedation for the catheter ablation procedure. However, the 

energies employed in our study were possibly below the pain threshold for humans, reported 

to range from <1 to 2 J (20–23). Even if the MPT therapy is perceptible, the energies and 

voltages are below the reported tolerability thresholds. In previous pain threshold studies 

with the atrial defibrillator, patients were able to tolerate a mean of 3.4±2 shocks, with a 

tolerability threshold of 255±60 V, 2.5±1.3 J (24), whilst patients tolerated shocks without 

sedation up to 116±51 V in a separate study (11).

Mechanism of AF termination with MPT

Our data provide indirect support for the potential mechanisms for MPT, as previously 

examined in prior preclinical studies (12,14,15,19). Unlike with conventional high-energy 

biphasic shocks, AF did not terminate immediately following MPT, but can often continue 

for several seconds before termination, suggesting destabilization of AF prior to AF 

termination.
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These observations are consistent with previous preclinical and computational studies 

(12,14,15,19,25–27), which suggested that MPT terminated AF by causing virtual electrode 

polarization at sites of structural heterogeneities, which then serve as initiation sites of new 

electrical wavefronts that interact with reentrant AF drivers, destabilize them and cause 

termination of the arrhythmia (16–19). A proposed mechanism for MPT is that Stage 1 

shocks disrupt AF drivers, Stage 2 entrainment shocks continue to silence the AF drivers, 

whilst MPT Stage 3 pacing stimuli provide consistent atrial activation until sinus rhythm 

is restored (Figure 1D)(14). In support of MPT having a different mode of action than 

single biphasic shock, is that unlike single biphasic shocks, which are more successful with 

increasing voltage, we did not see a relationship between increasing voltage and energy with 

MPT termination of AF.

The mechanism of delayed AF termination with MPT created two significant challenges 

for the data analysis. One challenge was selecting an appropriate definition of success. 

Our analyses were based on an arbitrary definition of success of AF termination within 20 

seconds of MPT delivery. Using this criterion, MPT converted AF in 71% of patients at the 

lowest median energy of 0.36 J and lowest median leading-edge voltage of 42.5 V. Similar 

results were also observed on a per episode termination basis. However, when stricter 

definitions of success were used (termination of AF within 5, 10 and 15 seconds of MPT), 

MPT was associated with lower success rates but without affecting the median energy and 

voltage. The other challenge was determining if a specific AF termination was attributable 

to the MPT, as our study involved mainly patients with paroxysmal AF, where MPT 

was delivered into induced AF, which can sometimes spontaneously terminate. Additional 

statistical analyses confirmed a temporal relationship between MPT and AF terminations, 

and that the termination rate with MPT was greater than the expected spontaneous 

termination rate, both supporting that MPT causally contributed to AF terminations.

Determinants of MPT efficacy

Based on univariate and multivariate analyses, MPT success was significantly related to the 

duration of time between AF induction and MPT delivery suggesting that AF may be more 

organized early after induction and more amenable to termination with MPT. Our results 

are in agreement with a previous study in a goat model showing that the AF cycle length 

shortens very rapidly thereby suggesting a rapid functional remodeling within the first few 

hours after AF onset (5). This observation supports our own that MPT is most successful 

if delivery early during an AF episode. We also observed a trend for AF cycle length to 

be associated with MPT termination of AF which further supports the hypothesis that MPT 

is more effective when AF is more organized (28,29). Unlike single biphasic shocks, we 

did not find a relationship between MPT strength (voltage and energy) and conversion rate, 

suggesting a different mechanism of action for MPT.

Potential Clinical Application of MPT

The first target patient population for clinical implementation of MPT would be patients 

with an existing indication for an ICD or CRT-D device. In these patients, and additional or 

a modified coronary sinus lead with a defibrillation coil will allow delivery of MPT therapy. 

There is a 29% prevalence of paroxysmal AF in patients receiving ICD devices, (30) who 
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will benefit from this therapy. While the results for the patient population enrolled in this 

study (NYHA Class I-II and average LVEF of 61%) are promising, further study is needed 

to determine if MPT will perform in a similar manner for heart failure patients with reduced 

LVEF who are likely to have indications for an ICD or CRTD device. This therapy may not 

only reduce symptoms, but if paroxysmal AF can be treated early in the AF episode, the 

progression of AF from paroxysmal to persistent may be slowed. (3,5)

Due to a high number of delivered therapies, previous atrial cardioverters suffered from 

rapid battery depletion. The Jewel AF study reported 7 treated episodes of AF per patient

month, of which ~60% were treated by high-energy shocks.(31) The average MPT threshold 

of 0.8J in our study is approximately 5% of the energy delivered in Jewel AF. Accordingly, 

MPT would not be expected to have the same effect of rapid battery depletion as that 

associated with higher-energy atrial cardioversion therapies of prior devices.

Limitations

In the Efficacy Phase, all patients had paroxysmal AF and AF had to be induced prior to 

delivery of MPT. Acute electrically-induced AF may be qualitatively different to clinical 

AF, with longer AFCLs (32), and may require different energies and voltages to terminate. 

A further limitation is that the patients were either sedated or anesthetized for the catheter 

ablation procedure, which prevented a formal assessment of pain perception of MPT. While 

no data was obtained regarding pain or patient tolerability of MPT, the voltage and energy 

of MPT are within the range of tolerability in previous studies.(11) Further studies will be 

required to specifically address the question of patient discomfort and tolerability.

Conclusions

Low-energy MPT is a promising therapy for the treatment of AF. The voltages and energies 

required for successful termination of AF with MPT are lower than those using conventional 

biphasic shocks, and at levels that are previously known to be painless or well-tolerated. The 

results of this first-in-man study justify further systematic investigation of MPT. Delivery 

of MPT via chronically implanted devices may represent a novel therapeutic approach that 

allows for early cardioversion of AF to reduce symptom burden and delay AF progression. 

Further investigation into MPT to treat both paroxysmal and persistent AF are currently 

underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS LIST

AF atrial fibrillation

CS coronary sinus

J Joules

LA left atrial appendage

LVEF Left ventricular ejection fraction

MPT MultiPulse therapy

PAF Paroxysmal Atrial Fibrillation

RA right atrium

V Volts
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CLINICAL PERSPECTIVES

Competency in Medical Knowledge:

MultiPulse Therapy, which consists of up to a 3-stage sequence of far- and near-field 

stimulation pulses of varied amplitude, duration and inter-pulse timing, can terminate 

atrial fibrillation at voltages and energies known to be well-tolerated or painless in some 

patients.

Translational Outlook:

Delivery of MultiPulse Therapy via chronically implanted devices may represent a novel 

therapeutic approach that allows for early cardioversion of AF to reduce symptom burden 

and delay AF progression. This therapy can be easily and readily implemented in patients 

with existing indications for an implantable cardioverter defibrillator (ICD) or a cardiac 

resynchronization device (CRT-D), with an additional or modified coronary sinus lead 

with a defibrillation coil.
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Figure 1: 
MultiPulse Therapy: (A) Study protocol at the start of the atrial fibrillation ablation 

procedure; (B and C, RA and LA, respectively) Lead positioning for MPT studies. 

Defibrillation leads were placed in the right atrium and in the coronary sinus and catheters 

were also placed in the left atria, to allow different vectors for MPT delivery. (D) Schematic 

of the 3 MultiPulse Therapy stages.
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Figure 2: 
Patient Disposition Flow Chart: A total of 42 patients were enrolled in the study. and 

retrospectively divided into two groups. In the first group (n=26), Translational Phase, MPT 

therapy was not delivered until at least 120 seconds post AF induction. Of the 26 patients 13 

patients were excluded due to incomplete waveform data and 1 because AF was not able to 

be induced and MPT was not delivered resulting in 12 patients in this group. In the second 

group (n=16), Efficacy Phase, MPT therapy was not delivered until at least 15 seconds post 

AF induction. Of the 16 consecutive patients in the Efficacy Phase, 2 were excluded from 

the analysis due to AF refractory to transthoracic cardioversion and because of the lack 

waveform data.
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Figure 3: 
Lowest energy and voltage for AF termination: (A) Representative intracardiac electrograms 

showing termination of AF with MPT (delivered at t=0s). (B & C) The lowest energy and 

voltage required for AF termination per patient. (D) The median energy and voltage required 

for successful AF termination. Error bars represent Q1-Q3 (IQR).

Data for B, C & D are based on the definition of success as AF termination within 

20 seconds of MPT. (E) The % success and median energy and voltage required for 

cardioversion based on different definitions of success, i.e. termination within 20, 15, 10 

and 5 seconds of MPT. Error bars represent Q1-Q3 (IQR).
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Figure 4: 
Causality analysis for AF terminations after MPT: (A) AF duration plot for all 52 episodes 

of MPT deliveries (aligned at time of MPT delivery, t=0 seconds), showing the temporal 

relationship between MPT and AF termination. (B) Distribution of time to AF termination 

after MPT (time=0 seconds) for all 37 successful terminations. The distribution was skewed 

towards therapy time (p<0.0001) (Kolmogorov-Smirnov test), with many AF terminations 

occurring within 2 seconds of MPT, consistent with a causal relationship between MPT and 

AF termination. (C & D) Kaplan Meier curves comparing AF terminations when assigned 

to MPT (n=12 patients with 44 episodes) versus a retrospective control untreated arm (n=7 

patients with 18 episodes) to an MPT therapy arm. The effect of both a single MPT or 

multiple MPTs on AF termination are shown.
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Figure 5: 
Determinants of MPT success: (A & B) The energy and voltage of MPT were not related 

to time to termination of AF. (C & D) The effects of Time in AF and Cycle Length 

on probability of AF Termination via multivariate analysis are shown (E) Univariate and 

multivariate analysis of the predictors of MPT success. For the multivariate analysis, the 

duration of AF before MPT delivery predicted MPT success. There was a trend towards 

significance for AF cycle length predicting MPT success.
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Central Illustration: 
MultiPulse Therapy (MPT) is a sequence of far- and near-field stimulation that terminated 

AF with average voltage and energy of 50V (25–75) and 0.58J (0.15–1.15) respectively.
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Table 1.

Patients Demographics and Clinical Characteristics

Parameters Overall Population (N = 42) Efficacy Phase (N = 16)

Age (years) 60.5 (51.7–64.9) (41/42) 60.5 (52.7, 64.5) (15/16)

Sex (male) (%) 79 (33/42) 69 (11/16)

LA Size (mm) 42.0 (38.5–46.0) (32/42) 40.0 (38.0–43.0) (12/16)

LVEF (%) 60.0 (58.5,−65.5) (36/42) 62.5 (60.0–68.0) (14/16)

PAF Durations (months) 40.2 (19.8–73.7) (32/42) 57.0 (14.9–100.6) (12/16)

Beta Blocker Use 57% (24/42)* 69% (11/16)

AAD Use 62% (26/42)* 69% (11/16)

Class Ic 38% (16/42)** 44% (7/16)

Class III 21% (9/42)** 25% (4/16)

Results are median (Q1-Q3) (n/N)

Abbreviations: LA: left atrial roof; LVEF: Left ventricular ejection fraction; PAF: Paroxysmal atrial fibrillation : AAD: Antiarrhythmic drug

*
1 patient had no Beta Blocker or AAD information entered

**
1 patient who reported AAD use did not have a class listed
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