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Single ventricle 

•  heterogenous group of heart defects 
•  morphology of SV 

ü left ventricle 
ü right ventricle 
ü undefined 

•  variety of conduction system anatomy 
•  spontaneous/postoperative conduction 

delay 
…. 

simple recommendation for pacing  
seems to be not easy! 



Cardiac Pacing 
J 

•  Appropriate heart 
rate 

•  Improvement of 
hemodynamics 
ü Restoration of AV 

synchrony 
ü Correction of 

intraventricular 
dyssynchrony 

•  Prevention of 
arrythmias 

L 
•  Pacing induced 

ventricular 
dyssynchrony 

•  Device/lead related 
complications/
reoperations 
ü Lead fracture 
ü Thrombosis 
ü Infection 
ü Battery depletion 

•  …  



Temporary pacing 
 

What & how to pace? 
 



•  10 pts, median age 
2.5y, (2m-17y) 

•  CHD with biventricular 
physiology and 
systemic LV 

•  LV & arterial pressure 
measurements during 
epicardial RVA/LVA/
LVFW pacing after off 
bypass 

p<0.05	p<0.05	

Ann	Thorac	Surg	2005		



Heart Rhythm. 2013 

ü TGA/Senn./Mus.         
N = 9 Pts 

ü temp. endocardial 
pacing in Cath 

ü dp/dt max. &             
RV-syst. pressure 

ü Non syst-VP  
        vs syst-VP                   

    vs Bi-VP  



•  26 pts, mean age 28 months (7d-11yrs) 
•  atrial & 3 ventricular temporary wires  
•  at postop. day 2 (median), range 0-9d 
•  baseline QRS 93.9±17.5ms 
•  real time 3D echocardiography  

ü 16 segments 
ü volume changes in time 

Ann	Thorac	Surg	2004		



Baseline	
93.9±17.5	ms		

Paced	
71.1±10.8	ms		

Baseline	
3.2±0.86	l/min/m2		

Paced	
3.7±1.0	l/min/m2		

QRS	dura)on	 cardiac	index	

Ann	Thorac	Surg	2004		



Permanent pacing 
 

What & how to pace? 
 



Pathophysiology of dyssynchronous 
cardiomyopathy 

Dyssynchrony 

Regional heterogeneity of 
function and loading 

Structural and cellular 
remodeling 

Dyssynchronous 
cardiomyopathy 



Connexine 43 distribution Conduction velocity 

Spragg DD, Kass DA. Prog Cardiovasc Dis. 2006 

Connexine 43 distribution  
and conduction velocity in dyssynchronous HF 

CRT restores normal connexine  
distribution and conduction 

velocity 
in late contracting segments 
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and lateral regions in nonfailing myocardium (LIM domain
only protein 3 in anterior myocardium and glutathione
S-transferase P in lateral myocardium, FDR 5% in 2-color
array data). In contrast, there was a marked heterogeneity in
gene expression between anterior and lateral LV regions in
DHF that was reduced by CRT to levels comparable with NF
hearts (Figure 4). Moreover, CRT partially reversed DHF-
induced gene expression changes (Figure 5), as evidenced by
KEGG pathway analysis; transcripts of metabolic activity
were upregulated in the anterior wall, whereas transcripts
encoding for cell signaling pathways and extracellular matrix
components were downregulated. Therefore, CRT restored
the relative balance of gene expression between the anterior
and lateral LV, eg, expression of mitogen-activated protein
kinase pathway signaling and extracellular matrix compo-
nents was reduced in the anterior wall but increased in lateral
LV (Figure 5).

Discussion
By using an unbiased and global assessment of transcriptional
activity in a large animal model of DHF, we found that
dyssynchrony-induced changes in gene expression were more
pronounced in the anterior compared with the lateral LV. The
genes that showed significant heterogeneity in regional ex-
pression with dyssynchrony are involved in important pro-
cesses such as metabolic pathways, extracellular matrix
remodeling, and myocardial stress responses. The disparity in

the number of regulated transcripts between the early- and
late-activated LV regions gave rise to an increased regional
heterogeneity of gene expression within the dyssynchro-
nously contracting myocardium. Remarkably, dyssynchrony-
induced expression changes were reversed by CRT to levels
in NF hearts, as evident by a reduced regional heterogeneity
of gene expression and prominent reverse remodeling of
transcripts with metabolic and cell signaling function.

A number of factors have been shown to regulate transcrip-
tional activity in the heart, including contractile activity,
stretch, myocardial perfusion, and metabolism.21–23 Because
all of these parameters are altered in a region-specific fashion
in DHF, they could account for the differential transcriptional
response of the anterior and lateral walls. It is well known that
cardiac dyssynchrony, whether caused by a left bundle branch
block or right ventricular free wall pacing, decreases regional
loading, contractile work, myocardial blood flow, and oxygen
consumption in the early-activated anterior myocardium. For
instance, the regional pressure-strain loop area, which corre-
sponds to the external work performed, is reduced to a greater
extent in the anterior compared with the lateral wall in DHF
hearts.13 In line with this finding, downregulation of meta-
bolic transcripts was significantly greater in anterior com-
pared with lateral LV regions. Biventricular pacing improves
contractile timing, thereby increasing regional work in the
anterior wall while reducing work in the lateral LV region.
Experimentally, this has been shown to couple with rebalanc-

Figure 4. Dyssynchrony leads to increased regional heterogeneity in gene expression within the LV that is partially reduced with CRT.
A, Pseudoimages of representative microarrays from NF, DHF, and CRT hearts with 211 columns and 206 rows (44K array). RNA from
the anterior and lateral regions was labeled with Cy3 and Cy5 and hybridized in a 2-color design onto 1 array. Red and green dots rep-
resent statistically significant transcripts between anterior and lateral wall, respectively. B, Bar plot of the number of deregulated genes
comparing the anterior and lateral regions in NF, DHF, and CRT hearts. In DHF, the number of differentially expressed transcripts
between anterior and lateral wall increases 4-fold, whereas it is greatly reduced by CRT.
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and lateral regions in nonfailing myocardium (LIM domain
only protein 3 in anterior myocardium and glutathione
S-transferase P in lateral myocardium, FDR 5% in 2-color
array data). In contrast, there was a marked heterogeneity in
gene expression between anterior and lateral LV regions in
DHF that was reduced by CRT to levels comparable with NF
hearts (Figure 4). Moreover, CRT partially reversed DHF-
induced gene expression changes (Figure 5), as evidenced by
KEGG pathway analysis; transcripts of metabolic activity
were upregulated in the anterior wall, whereas transcripts
encoding for cell signaling pathways and extracellular matrix
components were downregulated. Therefore, CRT restored
the relative balance of gene expression between the anterior
and lateral LV, eg, expression of mitogen-activated protein
kinase pathway signaling and extracellular matrix compo-
nents was reduced in the anterior wall but increased in lateral
LV (Figure 5).

Discussion
By using an unbiased and global assessment of transcriptional
activity in a large animal model of DHF, we found that
dyssynchrony-induced changes in gene expression were more
pronounced in the anterior compared with the lateral LV. The
genes that showed significant heterogeneity in regional ex-
pression with dyssynchrony are involved in important pro-
cesses such as metabolic pathways, extracellular matrix
remodeling, and myocardial stress responses. The disparity in

the number of regulated transcripts between the early- and
late-activated LV regions gave rise to an increased regional
heterogeneity of gene expression within the dyssynchro-
nously contracting myocardium. Remarkably, dyssynchrony-
induced expression changes were reversed by CRT to levels
in NF hearts, as evident by a reduced regional heterogeneity
of gene expression and prominent reverse remodeling of
transcripts with metabolic and cell signaling function.

A number of factors have been shown to regulate transcrip-
tional activity in the heart, including contractile activity,
stretch, myocardial perfusion, and metabolism.21–23 Because
all of these parameters are altered in a region-specific fashion
in DHF, they could account for the differential transcriptional
response of the anterior and lateral walls. It is well known that
cardiac dyssynchrony, whether caused by a left bundle branch
block or right ventricular free wall pacing, decreases regional
loading, contractile work, myocardial blood flow, and oxygen
consumption in the early-activated anterior myocardium. For
instance, the regional pressure-strain loop area, which corre-
sponds to the external work performed, is reduced to a greater
extent in the anterior compared with the lateral wall in DHF
hearts.13 In line with this finding, downregulation of meta-
bolic transcripts was significantly greater in anterior com-
pared with lateral LV regions. Biventricular pacing improves
contractile timing, thereby increasing regional work in the
anterior wall while reducing work in the lateral LV region.
Experimentally, this has been shown to couple with rebalanc-

Figure 4. Dyssynchrony leads to increased regional heterogeneity in gene expression within the LV that is partially reduced with CRT.
A, Pseudoimages of representative microarrays from NF, DHF, and CRT hearts with 211 columns and 206 rows (44K array). RNA from
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and lateral regions in nonfailing myocardium (LIM domain
only protein 3 in anterior myocardium and glutathione
S-transferase P in lateral myocardium, FDR 5% in 2-color
array data). In contrast, there was a marked heterogeneity in
gene expression between anterior and lateral LV regions in
DHF that was reduced by CRT to levels comparable with NF
hearts (Figure 4). Moreover, CRT partially reversed DHF-
induced gene expression changes (Figure 5), as evidenced by
KEGG pathway analysis; transcripts of metabolic activity
were upregulated in the anterior wall, whereas transcripts
encoding for cell signaling pathways and extracellular matrix
components were downregulated. Therefore, CRT restored
the relative balance of gene expression between the anterior
and lateral LV, eg, expression of mitogen-activated protein
kinase pathway signaling and extracellular matrix compo-
nents was reduced in the anterior wall but increased in lateral
LV (Figure 5).

Discussion
By using an unbiased and global assessment of transcriptional
activity in a large animal model of DHF, we found that
dyssynchrony-induced changes in gene expression were more
pronounced in the anterior compared with the lateral LV. The
genes that showed significant heterogeneity in regional ex-
pression with dyssynchrony are involved in important pro-
cesses such as metabolic pathways, extracellular matrix
remodeling, and myocardial stress responses. The disparity in

the number of regulated transcripts between the early- and
late-activated LV regions gave rise to an increased regional
heterogeneity of gene expression within the dyssynchro-
nously contracting myocardium. Remarkably, dyssynchrony-
induced expression changes were reversed by CRT to levels
in NF hearts, as evident by a reduced regional heterogeneity
of gene expression and prominent reverse remodeling of
transcripts with metabolic and cell signaling function.

A number of factors have been shown to regulate transcrip-
tional activity in the heart, including contractile activity,
stretch, myocardial perfusion, and metabolism.21–23 Because
all of these parameters are altered in a region-specific fashion
in DHF, they could account for the differential transcriptional
response of the anterior and lateral walls. It is well known that
cardiac dyssynchrony, whether caused by a left bundle branch
block or right ventricular free wall pacing, decreases regional
loading, contractile work, myocardial blood flow, and oxygen
consumption in the early-activated anterior myocardium. For
instance, the regional pressure-strain loop area, which corre-
sponds to the external work performed, is reduced to a greater
extent in the anterior compared with the lateral wall in DHF
hearts.13 In line with this finding, downregulation of meta-
bolic transcripts was significantly greater in anterior com-
pared with lateral LV regions. Biventricular pacing improves
contractile timing, thereby increasing regional work in the
anterior wall while reducing work in the lateral LV region.
Experimentally, this has been shown to couple with rebalanc-

Figure 4. Dyssynchrony leads to increased regional heterogeneity in gene expression within the LV that is partially reduced with CRT.
A, Pseudoimages of representative microarrays from NF, DHF, and CRT hearts with 211 columns and 206 rows (44K array). RNA from
the anterior and lateral regions was labeled with Cy3 and Cy5 and hybridized in a 2-color design onto 1 array. Red and green dots rep-
resent statistically significant transcripts between anterior and lateral wall, respectively. B, Bar plot of the number of deregulated genes
comparing the anterior and lateral regions in NF, DHF, and CRT hearts. In DHF, the number of differentially expressed transcripts
between anterior and lateral wall increases 4-fold, whereas it is greatly reduced by CRT.
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and lateral regions in nonfailing myocardium (LIM domain
only protein 3 in anterior myocardium and glutathione
S-transferase P in lateral myocardium, FDR 5% in 2-color
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gene expression between anterior and lateral LV regions in
DHF that was reduced by CRT to levels comparable with NF
hearts (Figure 4). Moreover, CRT partially reversed DHF-
induced gene expression changes (Figure 5), as evidenced by
KEGG pathway analysis; transcripts of metabolic activity
were upregulated in the anterior wall, whereas transcripts
encoding for cell signaling pathways and extracellular matrix
components were downregulated. Therefore, CRT restored
the relative balance of gene expression between the anterior
and lateral LV, eg, expression of mitogen-activated protein
kinase pathway signaling and extracellular matrix compo-
nents was reduced in the anterior wall but increased in lateral
LV (Figure 5).

Discussion
By using an unbiased and global assessment of transcriptional
activity in a large animal model of DHF, we found that
dyssynchrony-induced changes in gene expression were more
pronounced in the anterior compared with the lateral LV. The
genes that showed significant heterogeneity in regional ex-
pression with dyssynchrony are involved in important pro-
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extent in the anterior compared with the lateral wall in DHF
hearts.13 In line with this finding, downregulation of meta-
bolic transcripts was significantly greater in anterior com-
pared with lateral LV regions. Biventricular pacing improves
contractile timing, thereby increasing regional work in the
anterior wall while reducing work in the lateral LV region.
Experimentally, this has been shown to couple with rebalanc-
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the anterior and lateral regions was labeled with Cy3 and Cy5 and hybridized in a 2-color design onto 1 array. Red and green dots rep-
resent statistically significant transcripts between anterior and lateral wall, respectively. B, Bar plot of the number of deregulated genes
comparing the anterior and lateral regions in NF, DHF, and CRT hearts. In DHF, the number of differentially expressed transcripts
between anterior and lateral wall increases 4-fold, whereas it is greatly reduced by CRT.
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Number of 
deregulated 

genes  

Dyssynchrony leads to increased regional 
heterogeneity in gene expression in LV 

reduced 
with CRT  

Circ	Cardiovasc	Genet.	2009	



•  Cross-sectional study (N=178, 21 centers) 
ü CAVB, structurally normal heart 
ü Initially normal LVEF 
ü Pacing sites (pts) 

ü RV 
o RVOT (8), RV lat (44) 
o RVA (61), RV Septum (29) 

ü LV 
o LVA (12), LV lat (17) 
o LV Base (7) 

ü  Pacing duration 5.4 yrs  

RVLat 

RVApex 

RVOT 
LVBase 

LVLat 

LVApex 

Janoušek	et	al.	CirculaGon	2013	



LV ejection fraction at follow-up Proportion of pts with LVEF<55 % 

Janoušek	et	al.	CirculaGon	2013	



Cumulative LV dyssynchrony 
(from radial strain) 

LVEF vs LV dyssynchrony 

Circulation 2013;127:613-623 

Prevent conventional pacing associated cardiomyopathy by 
placement of the ventricular leads on LVA or LVlat wall 

Janoušek	et	al.	CirculaGon	2013	



Studies on CRT in CHD patients 
Author Year No. 

Pts. 
CHD  
% 

Systemic 
RV  
% 

Single 
Ventricle  

% 

Conv. 
Pacing 

% 

Non-
resp. 
% 

Janoušek et al 2004 8 100 100 0 75 - 

Dubin et al 2005 103 70.9 16.5 6.8 44.7 10.7 

Khairy et al 2006 13 100 30.8 0 100 11.1 

Moak et al 2006 6 33.3 0 0 100 0 

Jauvert et al 2009 7 100 100 0 71.4 - 

Cecchin et al 2009 60 76.7 15.0 21.7 68.3 10.0 

Janoušek et al 2009 109 79.8 33.0 3.7 77.1 13.7 

Thambo et al 2013 9 100 0 0 0 - 

Adapted	from	PACES/HRS	expert	consensus	statement	on	the	recogniGon		
and	management	of	arrhythmias	in	adult	CHD;	2014	



Cecchin F et al. JCE 2009 

Single ventricle  
N=13 pts., pre-CRT paced 8/13 

 

SV	EF	(%)	
median37	

median48	

median47	

Our	approach	to	this	group	has	evolved	our	Gme,	but	a	high	im-	
portance	was	placed	on	obtaining	maximal	distance	between	the	two	
leads	and	aiming	for	the	midventricular	regions	rather	than	the	base.		

	



AVN 

LA 

RA SN 

Single 
ventricle 

Pace	
maker	

Primary	bifocal	pacing	of	single	ventricle	



AVN 

LA 

RA SN 

Single 
ventricle 

early	acGvaGon	 late	acGvaGon	

Pace	
maker	

Upgrade	of	single	site	pacing	of	single	ventricle		



AVN 

LA 

RA SN 

early	acGvaGon	 late	acGvaGon	

Pace	
maker	

Fusion	of	spontaneous	depolarisaGon	and	single	site	pacing	of	SV	

Single 
ventricle 

CAVE! Condition -> 
normal AV conduction! 



AVN 

LA 

RA SN 

Single 
ventricle 

single	site	apical	pacing	of	single	ventricle	

Pace	
maker	





Summary 

•  “to be paced” can be dangerous 
•  Look at site with minimal “dyssynchrony 

potential” 
•  Use less hardware as you can -> reduce 

number of complications 
•  Screen your SV patients with wide QRS 

and dysfunction of SV for indication to 
elimination of dyssynchrony  



Thank you for attention! 



HLHS, St.p. BCPA & TVR; 2,5 y/o, RV failure 

RVFW	

Mechanical	TV	
3	months	on	CRT	RVFW 

mechanical TV 

Materna	O	et	all	,	Heart	Rhythm	2014	



Results - Lead placement 

RV apex 

RA 

RV free wall 

50 mm/s; 10 mm/mV 

QRS 80 ms 



Pre-procedural mechanical mapping – 2DS 

RVFW 

Mechanical TV 

IVMD 



 
Peri-procedural electrical activation mapping 

160 ms 

Search for latest local electrical activation during baseline rhythm 

Local activation at the site of the systemic ventricular lead  

RV free wall 



HLHS, St.p. BCPA & TVR; 2,5 y/o, RV failure 

RVFW	

Mechanical	TV	
3	months	on	CRT	

RVFW 

mechanical TV 

3 months on CRT 

Prior CRT 


