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            Abstract
Controlling the complex spatio-temporal dynamics underlying life-threatening cardiac arrhythmias such as fibrillation is extremely difficult, because of the nonlinear interaction of excitation waves in a heterogeneous anatomical substrate1,2,3,4. In the absence of a better strategy, strong, globally resetting electrical shocks remain the only reliable treatment for cardiac fibrillation5,6,7. Here we establish the relationship between the response of the tissue to an electric field and the spatial distribution of heterogeneities in the scale-free coronary vascular structure. We show that in response to a pulsed electric field, E, these heterogeneities serve as nucleation sites for the generation of intramural electrical waves with a source density Ï�(E) and a characteristic time, Ï„, for tissue depolarization that obeys the power law Ï„â€‰âˆ�â€‰EÎ±. These intramural wave sources permit targeting of electrical turbulence near the cores of the vortices of electrical activity that drive complex fibrillatory dynamics. We show in vitro that simultaneous and direct access to multiple vortex cores results in rapid synchronization of cardiac tissue and therefore, efficient termination of fibrillation. Using this control strategy, we demonstrate low-energy termination of fibrillation in vivo. Our results give new insights into the mechanisms and dynamics underlying the control of spatio-temporal chaos in heterogeneous excitable media and provide new research perspectives towards alternative, life-saving low-energy defibrillation techniques.
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                    Figure 1: Low-energy termination of cardiac electrical turbulence  in vivo  and  in vitro. [image: ]


Figure 2: 
                        Sites of activation in a cardiac preparation.
                      [image: ]


Figure 3: 
                        From anatomical structure to activation dynamics in atria (aâ€“d) and ventricles (eâ€“h).
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Figure 4: 
                        Direct access to vortex cores.
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The movie shows atrial fibrillation (AF) and successful termination of AF (see Fig. 1c and e).The color indicates membrane potential (black = resting, red activated;c.f. color bar given in Fig. 1e).The times of the five AFP pulses are indicated by a red square. The field of view is 4 x 4 cm2.Note that during AFP, waves originate both from boundaries and form inside the tissue. (MOV 2760 kb)
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The movie shows normal sinus rhythm (see Fig. 1e).The color indicates membrane potential (black = resting, red activated;c.f. color bar given in Fig. 1e).The field of view is 4 x 4 cm^2. (MOV 687 kb)


Supplementary Movie 3
The movie shows representative examples of wave propagation in quiescent tissue induced by weak electric field pulses with E = 0.22 V/cm, E = 0.39 V/cm and E = 0.5 V/cm, respectively (pulse duration 8 ms).The color indicated time (early = red, late = blue; see Fig. 2). (MOV 285 kb)


Supplementary Movie 4
The movies (5-7) shows simulations corresponding to Figure S10, panels AD.The simulations have been done using the Barkley model.The color indicates the fast activator variable (blue = resting, red = activated).The text at the beginning of each video indicates pacing sites and relative frequencies.During the simulations, phase singularity trajectories are tracked where appropriate (indicated by white color). (MOV 1041 kb)
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The movie shows AF and successful termination using direct access to the core (Fig. 4e).The color indicates membrane potential (black = resting, red activated;c.f. color bar given in Fig. 4d).The times of the five AFP pulses are indicated by a red square. The field of view is 4 x 4 cm2. (MOV 2038 kb)
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show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Several small shocks beat one big one
                

                
	Richard A. Gray
	John P. Wikswo



                
    
        
            Nature
        
        News & Views
        
        
            13 Jul 2011
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
