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Abstract 
 

Heart failure and ischemic heart disease introduce an environment in which 

structural and electrical remodeling of the ventricular tissue occurs. These changes can 

then predispose to ventricular arrhythmias. In heart failure alone, these changes include 

both electrical remodeling of prolonged action potential duration (APD) and increased 

dispersion of refractoriness and structural remodeling that is associated with increased 

cell size, reduced connexin43 distribution, ion channel downregulation, and stimulation 

of TGF-β which can then lead to increased microfibrosis and interstitial fibrosis. 

Increased myocardial fibrosis can then lead to changes in cardiac fiber orientation which 

can then alter electrical conduction. Collectively, these changes alter the ventricular 

substrate which can then alter the mechanisms and characteristics of any resulting 

ventricular arrythmias. In this chapter we will discuss these structural changes that occur, 

how it effects conduction, which can ultimately lead to arrhythmias. 
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Introduction 
 

There are currently 5 million Americans with diagnosed heart failure, and 550,000 new 

cases every year. [1] Heart failure causes significant morbidity and mortality from the 

mechanical dysfunction itself as well as from arrhythmias. [2] In the presence of heart failure 

and ischemia, structural changes occur to the tissue that begin at the cellular level. These 

structural changes create a substrate that is more vulnerable to arrhythmias, especially atrial 

fibrillation (AF) and ventricular fibrillation (VF). The number of Americans that experience 

sudden cardiac death due to presumed VF is estimated between 250,000 and 400,000 per 

year. [5] The mechanism of VF remains a controversial topic, with several theories – multiple 

wavelet reentry [6], a single stable dominant rotor (mother rotor) with other wave fronts 

spinning off the dominant one (daughter wavelets) with the mechanism of the mother rotor 

being a spiral wave – still being investigated. [7-10]  

During the development of heart failure or after a myocardial infarction, the cardiac 

tissue undergoes structural changes that include changes in cell size, [11] remodeling and 

changes in the distribution of connexins, [12, 13] and an increase in fibrosis. [11] This 

structural remodeling of the myocardium creates a substrate that leads to conduction 

disturbances that can result in an increase in arrhythmogenicity [14] and play a role in the 

mechanism of VF that develops. [15] This chapter reviews the structural changes that occur 

with the development of heart failure and ischemia and how fibrosis plays a key role in the 

substrate that is developed from these conditions. Finally, the ventricular arrhythmias that 

exist in this substrate will be discussed.  

 

 

Structural Remodeling 
 

Heart Failure 
 

Cell Size 
Cardiac hypertrophy is associated with structural cardiac remodeling and reduced cardiac 

function that leads to heart failure. The structural changes that are associated with heart 

failure begin at the cell or myocyte as an increase in cell size in seen from an increase in 

myocyte cross-sectional area [16] to an increase in cell length, width, and area. [17] With 

heart failure, the structural matrix of the myocytes degenerates leading to cellular structural 

changes which includes the accumulation of tubulin, desmin, and membrane-associated 

proteins which causes an increase in cell size. [18] Cell size has been shown to influence 

conduction as larger cells have a faster conduction velocity. [19] However, with the 

degradation of the structural matrix, this has been shown to lead to modulation of ion 

currernts ICa, L, INa, and IKATP, [14] which implies that ion channel function has been altered 

which would effect conduction. In addition, many processes that cause hypertrophy also 

result in changes in ion channel function, gap junctions and extracellular matrix, which add to 

the complexity of the electrophysiologic effects of hypertrophy. 

 

 

 



Ventricular Arrhythmia in Structurally Remodeled Hearts … 39 

Connexins – Gap Junctions 
Cardiac gap junctions (composed of connexins) that congregate at the intercalated disks 

of cells and provide cell-to-cell coupling that allows action potential propagation. Connexins 

have half lives that range from 1 – 3 hours [20, 21] so that the cell is continually making 

connexins and sending them to the cell membrane. In order to reach the cell-cell border, 

connexins travel along microtubules. [22] 

Connexin expression has been shown to be altered in the setting of heart failure, but 

controversy still exists on how it is altered. Cx43 has been shown to be down-regulated, 

which has been shown to occur after only 3 days of tachycardia pacing [12] while Cx45 is up-

regulated. [23] In addition, it has been shown that this reduction of Cx43 is heterogeneously 

reduced in the mid-myocardium. [24] Other studies have shown a change in Cx expression in 

the LV, but not in the RV. [13] The same authors hypothesized that the level of Cx43 

expression does not fully explain the conduction slowing that is seen with heart failure, and 

showed that there is a change in where the Cx is located (figure 1). [12, 13] Akar et al has 

shown that the Cx colocalize with N-cadherin at other places in the cell besides the 

intercalated disks. [13] The more Cx colocalizing increases, the longer heart failure continues. 

[12] In a review of the role of the cytoskeleton in heart failure, Hein et al described the 

cellular structural changes that are associated with heart failure and they include an increased 

microtubule density and alterations of intercalated disc proteins. [18] These changes could 

effect the movement of Cx within the cell. No matter whether Cx are up-regulated, down-

regulated, or in different locations, any alterations in Cx can alter conduction through the 

myocardium thus creating a substrate for initiation of arrhythmias. 

 

 
(From Akar FG, Tomaselli GF. Conduction abnormalities in nonischemic dilated cardiomyopathy: 

basic mechanisms and arrhythmic consequences. Trends Cardiovasc. Med. 2005 Oct;15(7):259-64; 

with permission from Elsevier).  

Figure 1. Representative immunofluorescent confocal images of Cx43 (green) in epicardial sections 

from a normal (left) and a failing (right) hearts, indicating Cx43 lateralization in HF (Cx43 is HF 

sections is observed along the length of the myocytes).  

 

 

 



Thomas H. Everett, IV and Jeffrey E. Olgin 40 

Table 1. Remodeling of potassium channels in heart failure 

 
Current  Activity in 

heart failure 

effect(s) Channel agonists Channel antagonists 

 

IK1 Decreased Increased automaticity None known Barium, cesium, rubidium, 

amiodarone, 

dronedarone, chloroquine, LY97241, 

propafenone, RP58866, terikalant, 

putrescine, spermidine, spermine 

Ito Decreased Species dependent changes 

Decreased calcium influx 

None known Amiodarone, dronedarone, 

chloroquine, tedisamil, 

AVE01 18, vernakalant,  

4-aminopyridine, bupivacaine, PaTX1 

/2, heterodopatoxins, nicotine 

I Kr Decreased Increased AP duration 

Increased early 

afterdepolarizations 

Increased conduction block 

Increased re-entry 

 

RPR260243, NS1 643, 

NS3623, PD8057, 

mallotoxin 

 

Class III antiarrhythmics (e.g. 

amiodarone, dronedarone, sotalol, 

dofetilide, ibutilide, tedisamil, 

azimilide, almokalant, E4031, MK-

499), BeKM1, AZD7009, astemizole, 

ergtoxin, sertindole, cisapride, pimozide, 

terfenadine, halofantrine, BRL32872 

I Ks Decreased Increased AP duration 

Increased early 

afterdepolarizations 

Increased conduction block 

Increased re-entry 

R-L3, mefenamic acid, 

niflumic acid 

 

Ambasilide, HMR 1556, indapamide, 

thiopentone, propofol, chromanol 293B, 

L-735821, mefloquine, azimilide, 

XE991, linopirdine, benzodiazepines 

IK-ATP Increased Decreased AP duration 

in ischemia, especially in 

hypertrophy 

Increased conduction block 

 

Levosiendan, 

levcromakalim, 

bimakalim, diazoxide, 

pinacidil, WAY-1 

51616, nicorandil, 

minoxidil, ZD-61 69, 

aprikalim, ZM-244085 

Hypoxia, tedisamil, BMS-1 80448, BMS-

1 91 095, sulfonylureas, glinides 

 

If Decreased in 

sinoatrial node 

Increased in 

ventricle 

Increased automaticity Cyclic GMP Alinidine, cilobradine, zatebradine, 

ZD-7288, 

ivabradine, genistein, W7,  

L-cis-diltiazem 

INa–K Decreased Increased AP duration 

Increased reverse-mode NCX 

activity 

Increased susceptibility 

to electrolyte disturbances 

None known Glycosides, istaroxime 

 

Abbreviations: AP, action potential; If, hyperpolarization-activated pacemaker or ‘funny’ current; IK-

ATP, ATP-sensitive potassium current; IKr, delayed rectifier potassium current (rapid); IKs, delayed 

rectifier potassium current (slow); IK1, inward rectifier potassium current; INa–K, sodium–potassium 

exchanger current; Ito, transient outward potassium ion current; NCX, sodium–calcium 

exchanger. 

Reprinted by permission from Macmillan Publishers Ltd: Nass RD et al. (2008) Mechanisms of 

Disease: ion channel remodeling in the failing ventricle Nat. Clin. Pract. Cardiovasc. Med. 

doi:10.1038/ncpcardio1130. 

 

Ion Channels 
As heart failure develops and mechanical function decreases, the ion channels lose their 

normal function, remodel, and alter the cellular action potential and the intracellular handling 

of calcium. [25] This contributes to any electrical remodeling that is seen with heart failure 

which results in a prolonged action potential duration. A summary of ion channel function 
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during heart failure is listed in table 1 (potassium channels) and table 2 (sodium and calcium 

channels). In ischemic regions, electrical remodeling results in a depolarization of the 

resulting membrane potential, slowing of the action potential upstroke, shortening of the 

action potential duration, and a reduction of the amplitude of the action potential. [26] How 

ion channel function effects ventricular arrhythmias will be discussed in more detail in other 

chapters.  

 

Table 2. Remodeling of sodium and calcium channels in heart failure 

 

Current 
Activity in 

heart failure 
effect(s) Channel agonists Channel antagonists 

'Na Etiology- 

dependent 

Prolonged repolarization 

Disruption of conductance 

Increased AP duration 

Veratridine, 

batrachotoxin, aconitine 

Type IA (intermediate), IB (rapid), 

and IC (late offset) antiarrhythmics, 

amiodarone, dronedarone, 

SD3212, AZD7009, 

ranolazine, tetrodoxin, saxitoxin 

'Ca-L Increased β-Ad renergic augmentation BayK8644, FPL 
Cadmium, type IV 

antiarrhythmics (e.g. 

 in moderate 

Decreased in 

severe 

Decreased rate-dependent 

potentiation 

Decreased current decay 

64176 diltiazem, verapamil), isradipine, 

devapamil, amiodarone, 

dronedarone, SD3212 

  Increased AP duration   

  Increased uncoupling   

'Ca-T Increased Increased electrical 

heterogeneity Increased 

automaticity 

None known Ni2+, Zn2+, mibefradil, R(-)-

efonidipine, amiloride, classic 

neuroleptics, 

succinimides, phenytoin, 

fluranes, 

fluoxetine, kurtoxins, anandamide, 

U92032, penfluridol, pimozide 

'NHE Increased 

in ischemia 

Increased reperfusion injury None known Cariporide, BIIB513, HOE642 

'NCX Increased Forward mode: increased AP 

duration Reverse mode: 

decrease AP duration 

Increased delayed 

afterdepolarizations 

None known Amiodarone, dronedarone, 

bepridil, aprindine,  

2,3-butanedione monoxime, 

cibenzoline, azimilide, SEA0400, 

SN-6, KB-R7943 

SERCA2a Decreased Decreased contractile function 

Decreased relaxation 

Gene therapy, istaroxime None known 

  Increased AP duration   

  Increased phosphorylation   

Phospholamban Decreased  Gene therapy None known 

RyR2 Decreased Increased diastolic calcium 

leak Increased 

phosphorylation 

Increased calcium waves 

Ryanodine, caffeine, 

theophyllinie, 

sulmazole, heparine,  

4-chloro-m-cresol, 

ryanotoxin, imperatoxin 

Ryanodine, procaine, lidocaine 

CaMKII Increased Increased phosphorylation Gene therapy KN-93 

  Increased calcium leaks   

Abbreviations: AP, action potential; CaMKII, calcium/calmodulin-dependent protein kinase II; 'Ca-L, L-

type calcium current; 'Ca-T, T-type calcium current; 'Na, inward sodium ion current; 'NCX, sodium–

calcium exchanger current; 'NHE, sodium–hydrogen exchanger current; RyR2, ryanodine receptor; 

SERCA2a, sarcoplasmic/endoplasmic reticulum calcium ATPase. 

Reprinted by permission from Macmillan Publishers Ltd: Nass RD et al. (2008) Mechanisms of 

Disease: ion channel remodeling in the failing ventricle Nat. Clin. Pract. Cardiovasc. Med. oi:10. 

1038/ncpcardio1130. 
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TGF-β, Interstitial Fibrosis, and Microfibrosis 
At the microstructural level, fibroblasts make up a large percentage of the cells that make 

up the myocardium. During myocardial disease states, the extracellular matrix undergoes 

changes and myofibroblasts begin to appear. The percentage of fibrosis that makes up the 

extracellular matrix increases from 5% to 10-35%. [27] These cells have heterogeneous 

connections to other cardiomyocytes, and also have been shown to partially depolarize 

cardiomyocytes which contributes to conduction slowing. [28]  

It has been shown that TGF-β plays a role in the development of fibrosis in the atria of 

heart failure. [29] In a transgenic mouse model that overexpresses TGF-β, selective atrial 

interstitial fibrosis was observed. The increase in atrial fibrosis was shown to correspond to 

an increase in conduction heterogeneity and AF vulnerability. [30] In another study, the drug 

pirfenidone was used to target the expression of TGF-β, as it has been shown to significantly 

reduce its expression with a corresponding reduction in tissue fibrosis. [31] In a canine model 

of heart failure (CHF) an increase in TGF-β expression is seen along with an increase in 

fibrosis. Treatment with pirfenidone resulted in a significant reduction in TGF-β expression 

and fibrosis levels. These reductions corresponded to a decrease in conduction abnormalities 

and vulnerability to atrial fibrillation.  

It also has been shown to play a key role in the development of fibrosis from fibroblasts 

in ventricular myocytes. Petrov et al showed that TGF-β stimulates the differentiation of 

fibroblasts to myofibroblasts which produce collagen in rat cardiac fibroblast cultures. [32] In 

ischemia, non-infarct fibrosis occurs after an MI and is believed to contribute to both 

ventricular mechanical and electrophysiological remodeling. [33] There is evidence that 

cardiomyocyte death can occur in non-infarcted myocardium, particularly within the border 

zone, for weeks after an MI. Underlying mechanisms associated with this pathology include 

wall restructuring, side-to-side slippage of cells, and cardiac dilatation. [34, 35] In a recent 

study by Nguyen et al, the role of ventricular fibrosis in the post-MI setting was assessed in a 

rat ischemia-reperfusion model. [36] Pirfenidone decreased both total and non-scar fibrosis 

along with decreasing the infarct size. The pirfenidone treated group was associated with 

higher conduction velocities, decreased conduction heterogeneity, and a decrease in 

ventricular tachycardia (VT) vulnerability. It was also shown that by decreasing overall 

fibrosis LV function improved. 

 

Fiber Orientation and Conduction Disturbances 
Within the myocardium, the fiber orientation rotates from epicardium to endocardium. 

The angle of rotation is greater than 90, and can range between 120 – 180 degrees depending 

on species. [11, 37, 38] Even with this change in fiber orientation in normal hearts, 

propagation is usually continuous as long as electrical coupling exists. With the development 

of hypertrophic cardiomyopathy or ischemia, electrical uncoupling occurs. [37] This along 

with abrupt changes in fiber orientation creates a substrate for reentry to occur. The fiber 

rotation then contributes to the substrate for arrhythmia propagation, as it has been shown to 

induce curvature in scroll waves and promotes wave break. [39] Also, with hypertrophic 

cardiomyopathy, as collagen deposition increases, myocyte disarray occurs promoting 

discontinuous conduction. [37]  

Myocardial fiber organization has been shown to significantly influence wavefront 

propagation. [40, 41] The structural remodeling that occurs with cardiac diseases as described 

above will then have an influence on wave propagation through the tissue. Computer 
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modeling has shown that diffuse fibrosis affects wave propagation through conduction block 

creating wave breaks and spiral waves. [27] Once fibrosis starts to develop, separation of the 

myocardial bundles starts to appear causing delay in activation. This can lead to either zig-zag 

activation or wave front curvature.  

The fibrosis creates obstacles that impede conduction. In the cases were propagation is 

transverse to the fiber orientation, the activation will curve around the impediment which is 

causing conduction slowing. Vetter et al showed that fiber orientation affects wavefront 

propagation. [38]  

From these results, investigators looked at conduction at the cellular level. Miragoli et al 

showed that conduction is altered by the heterogeneous coupling between cardiomyocytes 

and myofibroblasts. [28]  

 

Transmural Heterogeneities 
With the fiber rotation occurring between the epicardium and endocardium as described 

above, anything that causes a disruption to the natural balance will create a substrate for 

arrhythmias. Akar et al in a canine model of heart failure [42], and Wiegerinck et al in a 

rabbit model of heart failure [24], showed heterogeneous electrical remodeling occurs 

transmurally in heart failure. Differences in action potential duration, refractoriness, and 

conduction velocity coupled with altering fiber orientation appears to create a substrate for 

arrhythmias.  

 

 

Ischemia  
 

Border Zone 
With myocardial ischemia, the myocardium also goes through a structural remodeling 

process. In the area where cell death occurs, a border zone develops between viable and non-

viable tissue. This area of non-viable tissue is composed of fibrosis which can alter wavefront 

conduction. The border zone then creates a substrate for arrhythmias. Early studies in a healed 

canine infarct model demonstrated the importance of the infarct border zone as the substrate 

for VT. [43, 44]  

In these studies, the border zone was characterized has having areas of viable 

myocardium and the development of functional lines of block. In a rat ischemia-reperfusion 

model, Ding et al used optical mapping to evaluate the conduction properties of a myocardial 

infarction. [45] In all MI preparations, the border zone was characterized by both areas of 

fixed and functional conduction block. This study then showed that the border zone had 

slower conduction velocities compared to normal ventricular tissue remote from the infarct 

area. In addition, the border zone had prolonged action potential rise times, longer 50% action 

potential durations, and increased conduction heterogeneity. Callans et al, have demonstrated 

in a porcine model of infarction a similar substrate. [46] Using electroanatomic mapping in 

the intact animal, they demonstrated that in a healed infarct, areas of the border zone had 

intermediate voltages compared to infracted and remote areas. These data were highly 

correlated with findings on histopathology.  

Similar findings have been shown in humans with intermediate voltage found at the 

border zone, that the border zone is a critical portion of the reentrant circuit and that ablation 

in the areas of the border zone are successful at terminating VT. [47, 48] MRI imaging has 
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also been used to demonstrate the infarct border zone in both porcine models of post infarct 

VT [49] and in human post-infarct VT. [50] Ashikaga et al, demonstrated that in a post-

infarct porcine model, at VTs involved the infarct border zone and that this area had tissue 

heterogeneity on MRI. [49] Schmidt et al found that increased tissue heterogeneity in the scar 

border zone was correlated to enhanced inducibility of VT in patients who had previously 

suffered an MI. [50] Nguyen et al showed that the infarct zone was composed of abundant, 

heterogeneous, patchy projections of fibrosis that extended into the border zone. [36] Similar 

to other studies, optical mapping showed conduction slowing and increased conduction 

heterogeneity was seen at the border zone.  

 

 

Arrhythmia Mechanisms 
 

Heart Failure  
 

Controversy still exists as to the mechanism of VF being either a ‘mother-rotor’ or 

multiple wavelet reentry, and there has been several studies claiming support for each 

mechanism. [51-58] These mechanisms have been described in detail in Chapter 2. However, 

much of the research performed studying these mechanisms of VF have been in structurally 

normal hearts rather than under a pathological condition predisposing to VF. For studies with 

diseased hearts, Huang et al demonstrated that VF in a heart failure model was significantly 

different from the VF found in control dogs [59]. This study analyzed VF electrograms 

recorded from a plaque electrode on the epicardial surface of the RV and LV. The VF 

patterns were quantified and it was shown that VF in the setting of heart failure had a lower 

peak dV/dt, a slower activation rate, a significantly lower occurrence of reentry, and an 

increased occurrence of block than that of VF in controls.  

In a study that induced heart failure in sheep, Moreno et al showed that the heart failure 

group had lower dominant frequencies and higher levels of organization during VF than in 

normal hearts. [60] When the heart failure dog model also included a healed myocardial 

infarction it was shown that the dominant frequencies during VF were similar to controls, 

however, the heart failure model had a decreased number of wavefronts as observed with 

non-contact mapping. [61] Everett et al showed that in the setting of heart failure, either a 

focal driver or a stable reentrant rotor can occur as shown in figure 2 [15]. Whichever 

mechanism occurs, all the VF episodes would have that same mechanism. In the Control 

group, it was shown that reentrant rotors occur, and they would meander around the posterior 

LV. In the CHF model, these reentrant rotors or focal drivers would remain stable throughout 

the VF episode.  

 

 

Ischemia 
 

In hearts subject to acute ischemia, two studies have shown evidence for both reentrant 

and focal mechanisms during VF [62, 63]. Also a recent study by Liu et al showed that the 

acute ischemia region creates a substrate for the occurrence of two different types of VF 

simultaneously. [64]  
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(From Everett THt, Wilson EE, Foreman S, Olgin JE. Mechanisms of ventricular fibrillation in canine 

models of congestive heart failure and ischemia assessed by in vivo noncontact mapping. 

Circulation. 2005 Sep 13;112(11):1532-41; with permission ). 

Figure 2. Isochronal maps from control (A), acute ischemia (B), and heart failure (C). The surface ECG 

of the episode of VF represented by the isochronal maps is shown at the bottom of each subfigure. The 

time label for each sequence of the isochronal maps do not directly correlate to the time of the VF 

episode (the first displayed isochronal map is always labeled as starting at 0 msec, but may not 

necessarily correlate to the initiation of VF). On the maps, the colors indicate the timing of the 

activation with white representing the earliest activation and purple representing the latest. Curved 

arrows indicate the direction of reentry. Straight arrows indicate the earliest activation of a focus. 

Reentry is determined by areas of earliest activation meeting areas of latest activation. In the example 

from the control group (A), three sequential maps are shown at 150ms intervals. A reentrant pattern is 

seen in each map. Also seen is the shift of the core of reentry between 0-150ms and 150-300ms, as the 

rotation moves to a lower position in the LV lateral wall. For the acute ischemia example (B) both an 

example of focal and reentrant activation are shown from the same episode of VF. A stable, focal 

source is shown in the panels on the left side, and a stable reentrant wavefront is shown in the panels on 

the right side. For both the focal and reentrant mechanisms, the activation is consistent between each 

time window. For the CHF example (C) a focal and reentrant example are shown from different 

episodes of VF with the focal activation shown in the panels on the left and the reentrant activation 

shown in the panels on the right. For each mechanism, the activation was consistent between time 

windows.  
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Everett et al showed that in acute ischemia, an initial focal mechanism of activation 

would occur before transitioning to reentry. [15] Subsequent VF episodes would then be 

consistently reentrant as a primary mechanism. If the rotor extinguished, it would reappear in 

a region similar to that of its predecessor. Figure 2 shows examples of both of these 

mechanisms. 

 

 

Human VF 
 

Currently, most of what has been described above about the electrophysiological and 

mechanical properties of failing hearts has been developed through animal research. There 

have been some in vivo human studies, but the amount of data obtained from these 

experiments is limited. Masse et al studied the mechanism of VF in myopathic human hearts 

after the heart had been placed on bypass and before the induction of cold cardioplegia. [65] 

Simultaneous epicardial and endocardial electrograms were obtained and they showed that 

rotors were present in all of the cardiomyopic hearts that were studied. Rotors seen on the 

endocardium had a faster cycle length than rotors seen on the epicardium. In this study, only 7 

second VF recordings were obtained. Longer VF recordings were studied by Umapathy et al 

in Langendorff-perfused explanted myopathic human hearts. [66] It was shown that there 

were regional differences in dominant frequencies between the epicardium and endocardium 

in addition to between the RV and LV.  
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