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Principal electrophysiological 
mechanisms of AF

A. Multiple Wavelets B. Focal Activation

A. Moe GK. Arch Int Pharmacoldyn Ther 1962;140:183
B. Konings KTS, et al. Mapping of electrically induced AF in humans. 1999



Microrentrant source of AF

Mandapati R, Jalife J. Circulation. 2000;101:194-9. 



Left-to-right decrement of DFs

Mansour M, Jalife J. Circulation 2001;103:2631-6



Wave Fractionation at Boundaries of 
High Frequency ExcitationHigh-Frequency Excitation

Kalifa J. Circulation. 2006;113:626-633RI: regularity index



Breakthroughs induce wave break, rotor 
drifting and terminationdrifting, and termination

Yamazaki M, Heart Rhythm 2009;6:1009 –1017
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Changes in tissue electrical properties
“Atrial Fibrillation Begets Atrial Fibrillation”

Wijffels M, et al. Circulation. 1995;92:1954-1968 



Underlying cellular and ionic bases

↓ICaL, ↑IK1, ↑IKACH, 
↓ Ito,↓ IKur

↓INa

Yue L, et al. Circulation Research. 1997;81:512-525 



Time course of electrical and contractile remodeling 
during first days of AF

Schotten U, et al. Circulation 2003;107:1433-9



Structural 
remodeling ofremodeling of 
atrial myocytes 
after 4 months of 
AF in the goat

1. Loss of sarcomeres (blue) and 
accumulation of glycogen (red)

2. fetal α-smooth muscle actin (red)
desmin (red) nuclei (blue DAPI). 

3. Cx40 (green) and Cx43 (red)
4. Chromatin (arrow)

small donut shape mitochondriasmall donut shape mitochondria 
(arrow head)

Ausma et al. Circulation 
1997;96:3157-3163
Van der Velden et al JVan der Velden et al. J 
Cardiovasc Electrophysiol 
2000;11:1262-1269 



Changes in connexin expression in AF and 
atrial tachycardia remodeling

The most consistent findings of connexin changes 
1 ↑ Lateralization1. ↑ Lateralization. 
2. ↑ Dephosphorylation
3. ↑ Heterogeneity. ↑ g y

Nattel S. Physiol Rev 2007;87: 425–456



Pathophysiology of AF promotion by atrial-
t h di d litachycardia remodeling

Nattel S. Physiol Rev 2007;87: 425–456



Induction of spontaneous activity in strands of 
cardiomyocytes by myofibroblastsy y y y

Miragoli M, Rohr S. Circ Res 2007;101:755–758.
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Mud JO, Nature 08



Increased SR Ca2+ release 
in Human AF

Ca2+ spark

Ca2+ wave

Hove-Madsen L, Circulation. 2004;110:1358-1363



PKA hyperphosphorylation of RyR2 in 
canine and human AFcanine and human AF

Vest J, Marks A. Circulation 2005;111:2025-32



CaMKII-Dependent Diastolic SR Ca2+ Leak and Elevated 
Di t li C 2+ L l i RA M di f P ti t With AFDiastolic Ca2+ Levels in RA Myocardium of Patients With AF

Neef S. Circ Res. 2010;106:1134



Model of impaired phosphorylation dependent regulation 
of Ca2+ handling and contractility in human cAF

• PP1: serine/threonine protein phosphatase type 1, PP2A: type 2A,

El-Armouche A. Dobrev D. Circulation. 2006;114:670-680.

• I-1: phosphatase inhibitor-1
• Ser16 of PLB : PKA, Thr 17 of PLB : CaMKII.



RyR2 Phos
NCX ↑

ICaL ↓

PLN Phos
CaMKII ↑CaMKII ↑

Mud JO, Nature 08



Kurotobi T. Circ Arrhythm Electrophysiol. 2010;3:39-45.



Mechanism of SAN dysfunction in AF
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Joung B. Heart Rhythm 2010;7:88-95



Impaired Response of SAN in Human AF 

M/67 PAF No SSS ( ) F/65 PAF SSS (+)

with SSS
M/67, PAF, No SSS (-) F/65, PAF, SSS (+)

Baseline
HR 80 bpm

ISO
HR 130 bpm

Baseline
HR 80 bpm

ISO
HR 110 bpmp p
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ModulatingModulating
factors

Non-correctable
• Genetic factors
• Age/Senescence

Correctable

Endothelial dysfunction
• Atherosclerosis

Coagulation factors

Inflammation
P i diti

Atrial & PV stretch
H t i• Pericarditis

• Cardiac surgery
• Interleukin 6
• C-reactive protein

• Hypertension
• LV dysfunction
• Mitral stenosis
• Aortic stenosis

Autonomics
Vagal Miscellaneous• Vagal

• Adrenergic Hormonal
• Thyroid
• Diabetes

Miscellaneous
• Obesity
• Sleep apnea



Pulmonary veins and atrial function
5 cm H20 18 cm H20

30 cm H20

Kalifa J, Jalife J, Nattel S. Circulation 2003;108:668-71



Tarantula peptide inhibits atrial fibrillation
control

170 nM GsMtx-4

Bode F, nature 2001;409:35-36



PV Denervation 
Enhances Long TermEnhances Long-Term 
Benefit After 
Circumferential 
Ablation for 
Paroxysmal Atrial 
Fibrillation 

Pappone et al.
Circulation 2004;109:327-334 



Circumferential distribution of autonomic 
nerves at the PV-LA junctionj

Tan A. J Am Coll Cardiol 2006;48:132–43.



Neural Mechanisms of Paroxysmal AFy

* Cryoablation of extrinsic sympathovagal nerves eliminated paroxysmal atrial* Cryoablation of extrinsic sympathovagal nerves eliminated paroxysmal atrial 
fibrillation and paroxysmal atrial tachycardia

Tan A, Chen PS. Circulation. 2008; 118:916-925.



Late-phase 3 EADs.p
responsible for the extrasystolic activity that reinitiates fibrillation in canine atrial 
tissuestissues.

Burashnikov A, Antzelevitch C. Circulation 2003; 107:2355–2360.
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PV Denervation Enhances Long-Term Benefit After 
Ci f ti l Abl ti f P l AFCircumferential Ablation for Paroxysmal AF

Pappone et al. Circulation 2004;109:327-334 



Reentry within PV

Arora R. Circulation. 2003;107:1816-1821



Illustration of parasympathetic 
innervation of atria

Schauerte et al. Circulation. 2000;102:2774 



A comparison of ion current and transporter 
remodeling in CHF, healed MI and AF/ATRremodeling in CHF, healed MI and AF/ATR

Property CHF MI AF Remarks
Ito ↓↓ ↓↓ ↓↓Ito ↓↓ ↓↓ ↓↓
IK1 ↓ ↓ ↑ Constitutive IKACh ↑ in AF
IKr ↔ ↓ ↔
IKs ↓ ↓ ↔IKs ↓ ↓ ↔
ICaL ↔(↓) ↓ ↓↓
SERCA ↓ ↓ ??
C R Ph DS PhCaRc Ph ↑ DS Ph ↑
NCX ↑ ↔ ↔(↑)
INa ↓ ↓ ↔(↓)
Connexins ↓ ↓ ?? Increased lateralization in MI and AF

Increased heterogeneity in all
APD ↑ ↑ ↓
CV ↓ ↓ ↓(↔)
EADs + + No
DADs + + ?

Nattel S. Physiol Rev 2007;87: 425–456

Reentry + + +

DS, dyssynchronous release



Increased vulnerability to AF in transgenic mice with selective atrial 
fibriosis caused by overexpression of TGF-β1

Verheule S, et al. Cir Res 04;94:1458-65



Ryanodine-induced PV firing - pacemaker shift

Honjo H. Circulation 2003;107:1937-1943





The potential interplay of electrical, contractile 
and structural feedback loops

θ↓AFCL↓

p

APD↓ WL↓Electrical

Ca++ Circuit

AFchannels size
Zig-zag

Conduction
Cytosolic

Ca++ ↓ Stretch

AnisotropyDil ti

↓ Stretch
Contractile Structural

Anisotropy

Fibrosis

Connexins
Dilation

Compliance↑

Contractility↓

FibrosisCompliance↑

Allessie M, et al. Cardiovasc Res 2002;54:230–46.


