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General Introduction

Cardiac arrhythmias are frequently encountered in clinical practice. Clinical mapping stud-
ies demonstrate that arrhythmias are often encountered at specific anatomical sites. In 
part I of this thesis, a developmental origin of clinical arrhythmias is hypothesized. The 
development of the heart and the cardiac conduction system cannot be seen as loose 
entities, but are narrowly related (Figure 1). As an introduction to this thesis therefore 
first cardiac development will be described shortly, where after the development of the 
cardiac conduction system is addressed. Subsequently anatomical predilection sites of the 
occurrence of clinical arrhythmias will be described in relation to cardiac development. 
Following on the description of the basics of cardiac development and the development of 
the cardiac conduction system, attention will be focused on current knowledge of clinical 
arrhythmias in adults in relation to cardiac anatomy, the treatment of these arrhythmias 
and imaging techniques used to visualise the substrate. These clinical issues will further be 
addressed in part II of the thesis.

Figure 1
Schematic overview of the time span of development of the different cardiac components. Development of the 
cardiac conduction system is narrowly related to the development of the cardiac chambers and vascular system.
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Short outline of cardiac development

In vertebrates, the heart is the first organ that is formed and becomes functional during 
early embryogenesis. Future cardiac cells arise in the epiblast lateral to the primitive streak, 
invaginate through the streak and migrate during gastrulation in rostro-lateral direction to 
bilateral areas of the lateral plate mesoderm 1-3. The lateral mesoderm separates in somatic 
and splanchic epithelial layers; the (asymmetric) bilateral splanchic mesoderm contains 
the cardiac precursors cells, that migrate toward the embryonic midline and fuse to form 
the primitive myocardial heart tube, lined on the inside with endocardium that is separated 
from the myocardial outer layer by cardiac jelly 4 5 (Figure 2 a-c). During further develop-
ment of the heart tube, cells from the splanchic mesoderm will continue to contribute to 
the dorsal (venous pole) of the heart. Cells from the anterior or secondary heart field will 
contribute to the arterial pole and right ventricle of the heart 6. The heart tube is attached 
to the rest of the embryonic (non-cardiac) mesoderm via the dorsal mesocardium, which 

Figure 2
Schematic representation of the bilateral formation of the cardiogenic plates, which are derived from the 
splanchnic mesoderm (a). The bilateral plates fuse and from an initially straight heart tube (b), that start loop-
ing to the right (c-d). After looping, so-called transitional zones or rings can be recognised in the heart, that are 
positioned in between the putative cardiac chambers, being the sinu-atrial transition (SAR), the atrioventricular 
transition (AVR), the primary ring (PR) and the ventriculo-arterial transition (VAR). e. Position of these rings 
during further cardiac development. Ant: anterior, AP: arterial pole, AS: aortic sac, DL: dextral looping, PA: 
primitive atrium, PLV: primitive left ventricle, post: posterior, PRV: primitive right ventricle, SV: sinus venosus, 
VP: venous pole
Panel a-d from: Gittenberger-de Groot et al. Pediatr	Res.	2005 Feb;57(2):169-76.
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is disrupted during looping only leaving contact at the arterial and venous pole. After 
looping, the heart tube consist of several segments, being the left and right horn of the 
sinus venosus, the primitive atrium, the ventricular inlet segment and the ventricular outlet 
segment. These segments are divided by so-called transitional zones that connect at the 
inner curvature of the heart (Figure 2d) 7.
Chamber differentiation occurs during further rightward looping of the heart tube, which 
results in positioning of the ventricles and the outflow tract of the heart in an anterior/ven-
tral position, and of the atria in a dorsal/posterior position. Several genes/transcription 
factors that control chamber differentiation have been identified 8 9.
The sinus venosus becomes incorporated in the atrium and receives the venous inflow of 
the cardiac veins. The cardiac jelly becomes more concentrated at the AV junction and the 
outflow tract, sites where endocardial cushions and subsequently cardiac valves and mem-
branous septa will form. Extracardiac neural crest cells migrate to the heart and play an 
important role in outflow tract septation 10 11. Myocardialisation of the walls of the caval 
and pulmonary veins presumably results from myocardium formation in the extracardiac 
mesenchyme 12. Migration of cardiomyocytes from the left atrium may also contribute to 
myocardialisation of the cardiac veins 13. Cardiac septation and the formation of valves at 
the right and left AV junctions and in the right and left ventricular outflow tracts eventu-
ally results in the presence of a functional four chambered heart, that directs the separate 
systemic and pulmonary circulation of blood.

Development of the cardiac conduction system

The origin of the cells of the cardiac conduction system (CCS) has been the topic of inter-
est of many studies in the last decade. Although the cells of the CCS were originally believed 
to be derived from the cardiac neural crest, a migratory cell population that arises at the 
embryonic neural plate at the level of the otic placode 14 15, retroviral lineage studies have 
demonstrated that the cardiomyocytes are the progenitor of the cardiac conduction cells 
in the embryonic heart 16. Whether the cardiomyocytes that form CCS-tissue are derived 
from the division of differentiated (pre-specified) conduction cells (“specification”-model”), 
or are recruited from a pool of multipotent (undifferentiated) cardiomyogenic cells (“re-
cruitment-model”), is however still unclear 17. Studies performed in chick embryos have dem-
onstrated the development of both working myocardial cells and central and peripheral 
conduction cells from the same clone, and therefore strongly indicate that cells of the CCS 
originate from a common myogenic precursor in the embryonic tubular heart, i.e. a bipo-
tential	myocardial	cell	population, that is selectively recruited to the developing cardiac pace-
making and conduction system 16 18. However, the mechanisms that determine the faith of 
the cardiomyocytes to become either a working myocardial cell or a cardiac conduction 
phenotype, are still unclear. The growth and differentiation factor Neuregulin has been 
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found to induce cardiomyocytes to a conduction system phenotype, as was demonstrated 
by the induction of ectopic CCS-lacZ expression after exposure to Neuregulin 19. Further-
more, changes in electrical activation pattern supporting a critical role of Neuregulin in 
recruitment of cardiomyocytes to the cardiac pacemaking and conduction system have 
been observed. Recently, an interaction between Endothelin and Neuregulin has been sug-
gested to promote the differentiation of the murine CCS 20.
Furthermore, the observation that a population of cardiac neural crest cells enters the 
heart at the venous pole and can be observed in the vicinity of putative elements of the 
cardiac conduction system, before they undergo a faith of apoptosis, has led to the hy-
pothesis that these cells may be indirectly be involved in CCS differentiation 21 22.

Histology
Although in recent years several immunohistochemical and molecular markers of the de-
veloping CCS have been identified, the original descriptions of the developing CCS are 
based strictly on histological criteria as observed with light microscopy. Thirty years ago 
Viragh and Challice have described in great detail the developing CCS in mouse embryos 
23-26. From these studies it has become clear that the areas of putative CCS can be distin-
guished from the working myocardium based on histological criteria. In these studies cells 
of the developing CCS were characterized by a larger cell size, less developed and reduced 
number of myofibrils and a higher glycogen content than working cardiomyocytes.
The earliest sign of a morphologically specialized atrioventricular (AV) conduction path-
way can be observed at embryological day (E) 9-10 in the mouse, and is located at the 
inner dorsal wall of the AV canal 23. During development the primordial AV node becomes 
structurally more compact. At stage E11 the primordia of both the sinu-atrial (SA) node 
(in the medio-anterior wall of the right superior caval vein) and the AV node can clearly be 
distinguished 25. Both these structures, as well as the AV bundle, develop simultaneously in 
the mouse heart, between E11-E12 (5-5.5 weeks in the human). At E13.5, all components 
of the CCS can be distinguished, with exception of the Purkinje fibers.
The AV node becomes interconnected with the His bundle that is located on the ridge of 
the interventricular septum 26. The left and right bundle branches extend down the suben-
docardial layers on both sides of the interventricular septum.
Insulation of the atrial myocardium from the ventricular myocardium occurs by develop-
ment of the annulus fibrosis, that starts out by fusion of sulcus tissue with cushion tissue 
at the ventricular site of the AV junctional myocardium and moves the original atrioven-
tricular myocardium to an atrial position 27. At E13-14 connective tissue begins to invade 
the AV sulcus and histological separation of the atria from the ventricles is initiated. Also, 
progressive insulation between the cells of the CCS and the ventricular working myocar-
dium occurs, which however remains incomplete at the neonatal period 26.
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The�4�ring�theory�of�CCS�development
Using the same histological criteria as Viragh and Challice to distinguish working myocar-
dium from myocardium with more specialized features, the observation was made that 
after looping of the heart has started, 4 rings of tissue could be distinguished from the 
surrounding working myocardium, as described in 1976 by Wenink 28. These 4 rings are po-
sitioned at the above described transitional zones of the heart 7, being the sino-atrial ring 
in between the sinus venosus segment and the primitive atrium, the atrioventricular ring in 
between the primitive atrium and primitive left ventricle, the primary ring or fold that sepa-
rates the primitive left ventricle from the primitive right ventricle and the ventriculo-arterial 
ring at the junction of the primitive right ventricle with the truncus or putative outflow tract 
of the heart (Figure 2d). At these transitional zones, different staining properties of the 
myocardium, as well as size and chromatin distribution of the cells indicated the presence 
of primitive specialized tissue. The so-called “ring-theory”, hypothesizes that these 4 rings 
of “specialized” tissue are the precursors of the CCS. During further looping of the primitive 
heart tube these 4 rings come together in the inner curvature of the heart (Figure 2e), and 
during further differentiation of the heart part of the tissue loses its specialized character. 
What remains of the rings become the definitive elements of the mature cardiac conduc-
tion system. According to this theory the sino-atrial ring contributes to formation of the 
SA-node, both the SA-ring and AV-ring contribute to the AV-node, and the primary ring 
gives rise to the His bundle and bundle branches. This theory has since been the subject 
of discussion and controversy, which was renewed in recent years after the introduction of 
several immunohistochemical and molecular markers for CCS development.

Immunohistochemical�markers�of�CCS�development
In the past decades several immunohistochemical markers have been used to study the de-
veloping CCS. Although many of these markers have increased our understanding of CCS 
development, a limitation is that none of them is specific for cardiac conduction system 
only. In the nineties, the expression pattern of a neurofilament-like protein in the rabbit 
heart was used as marker for the developing CCS 15. The presence of neurofilament-like 
protein was demonstrated in a ring at the sino-atrial and atrioventricular junctions and 
in ventricular components of the developing CCS, which were distributed in the ventricu-
lar subendocardium and connected to the AV ring 15. The monoclonal antibody HNK1, 
originally used as a marker of neural crest cells during embryologic development, has been 
demonstrated to be expressed in the sinus venosus myocardium and in the developing CCS 
of several species, including rat, chick and human 29-31. HNK1 is predominantly expressed 
in the developing sino-atrial and atrioventricular CCS, and the expression pattern seems 
to correspond with rings described by Wenink. In human embryos, HNK1 stains the sino-
atrial node, the internodal myocardium in the right atrium, the right atrioventricular AV 
ring with the posterior and anterior AV nodes, a retro aortic ring, the His bundle and the 
bundle branches. Furthermore, the myocardium surrounding the primitive pulmonary vein 
demonstrates transient staining 29 (Figure 3).
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The neural tissue antigen Gln2	is expressed in a single ring of tissue at the site of the primary 
ring in the early embryonic heart, which changes shape during development as a result of 
tissue remodelling underlying cardiac septation. This ring was hypothesized to eventually 
give rise to the atrioventricular CCS 32.
The cell surface carbohydrate PSA-NCAM has been detected in ventricular trabeculae and 
the interventricular septum in the chick, in a pattern resembling the bundle branches and 
Purkinje fibers 33.

Molecular�markers�for�CCS�development
In recent years extensive study focusing on genetic determinants of cardiac conduction 
system formation has evolved. Study of transcription factors involved in cardiogenesis 
have made clear that regulation of myocardial differentiation into either a conductional or 
working myocardial phenotype is not dependant on a single gene, but is a multifactorial 
process during which several factors from different gene families contribute to the forma-
tion of the different subcompartments of this complex system.  Molecular markers that 
have been used to delineate the developing cardiac conduction system include minK-lacZ, 
CCS-lacZ, cGATA-6-lacZ, cardiac	 troponin	 I-lacZ, GATA-1, the homeodomain transcription 
factor Nkx2.5, the recently described Hop, and the T-box transcription factors Tbx2 and 
Tbx3, Tbx5. Furthermore, the expression pattern of several connexins in cardiac tissues has 
contributed to our understanding of the development and function of the CCS 34. Most 
of these transcription factors do not function in an autonomic matter, but interact with 
other factors, resulting in synergistic or repressing effects. The currently known molecular 
markers of CCS development are briefly described in the subheadings below.

The	T-box	family	of	transcription	factors
In the developing heart the T-box transcription factors Tbx2 and Tbx3 are expressed in the 
cardiac inflow tract, the atrioventricular canal, the outflow tract and inner curvatures of 

Figure 3
HNK1 expression in the human embryo. Explanation see text. LVV left venous valve, PV: primitive pulmonary 
vein, RVV: right venous valve, VCS: superior caval vein. From: Blom et al. Circulation 1999;99(6)800-806.
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the heart. These factors presumably are transcriptional repressors of chamber formation, 
as both genes repress the genes Nppa (ANF) and Cx40, present in (a.o.) atrial working myo-
cardium 28 35 35 36. In general, expression of Tbx2 and Tbx3 is mainly observed in putative slow 
conducting areas, but also in the His bundle and the proximal part of the bundle branches. 
The expression of Tbx2 decreases from early foetal stages, whereas the expression of Tbx3 
increases. In the matured heart expression of Tbx3 is observed in the SA node, AV node, 
but also in internodal myocardium, and in the His bundle and proximal bundle branches 
35. Next to expression in part of the putative CCS, Tbx3 expression is also observed in the 
atrioventricular cushions. Homozygous Tbx3 mutant mice display a syndrome known in 
humans as ulnarmammary	syndrome, and display early embryonic mortality, presumably due 
to severe compromise of the yolk sac 37. However, a significant cardiac conduction system 
phenotype has not been demonstrated in Tbx3 knockout mice thus far 37 38. The T-box 
transcription factor Tbx5 is also expressed in the developing central CCS, including the 
AV node, AV bundle and bundle branches, and is needed for correct morphogenesis and 
maturation of the CCS 39. Mice lacking Tbx5	display a cardiac phenotype that resembles 
the syndrome known in humans as the Holt-Oram	syndrome, including atrial septal defects 
and conduction system abnormalities 8. ANF and Cx40, both expressed in cells of the (fast 
conducting) CCS are gene targets of Tbx5, and Cx40 is abrupted in Tbx5 mutated mice 
(Tbx5del/+) mice 39.

Homeodomain	transcription	factors
The homeodomain transcription factor Nkx2.5 is one of the earliest markers of the cardiac 
lineage, and is already expressed in the cardiogenic mesoderm 40. During cardiac develop-
ment expression of Nkx2.5 correlates with the recruitment of cells to the developing atrio-
ventricular conduction system 41. During development of the CCS, Nkx2.5 expression is 
elevated in the differentiating atrioventricular conduction system, compared to expression 
in the adjacent working myocardium. In Nkx2.5 haplo-insufficient mice, there is hypoplasia 
of the AV node and His bundle, and the number of peripheral Purkinje fibers is significantly 
reduced 42. Cardiac phenotypes of mutations in Nkx2.5 in mouse models resemble those in 
humans and include conduction defects 43.
Furthermore, Nkx2.5 interacts with the Cx40 promoter region, and mice lacking Nkx2.5 
demonstrate a significant decrease in Cx40 expression 44. Furthermore, Nkx2.5 can form a 
complex with the transcription factor Tbx2, that is able to suppress	ANF promoter activity 
in the AV canal, which may be a mechanism that helps to regulate the sites of chamber 
formation in the developing heart 45. Nkx2.5 can also bind to Tbx5, and both are essential 
components in the activation of the ANF gene.
The homeodomain transcription factor Msx2, a downstream target of Pax-3/splotch (which 
is a key player within early cardiac neural crest development), is expressed in the developing 
central CCS (but not the peripheral PF), in the chick. However, no abnormalities in the 
cardiac conduction have been observed in Msx2 mutant mice 46 47.
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Recently, expression of the homeobox gene Hop has been described. Hop is expressed 
strongly in the AV node, His bundle and bundle branches of the adult CCS and Hop null 
mice demonstrate conduction defects below the AV node, related to decreased expression 
of Cx40 48.

The	GATA	family	of	transcription	factors/Zinc	finger	subfamilies
The GATA-family is a relatively small family of transcription factors, and for 3 of the 6 
known vertebrate GATA transcription factors a role in cardiogenesis has been identified: 
GATA4, GATA5 and GATA6 49. Expression of GATA4 is present in both the adult and em-
bryonic heart, and disruption results in cardiac dysmorphogenesis with early embryonic 
mortality 50. The large degree of interaction of the different transcription factors is again 
demonstrated in a recent study that demonstrated that, next to Tbx3 and Nkx2.5, the Cx40 
promoter also is modulated by the cardiac transcription factor GATA4 44. GATA4 is ex-
pressed in Purkinje fibers of the adult chick heart 51. The cGATA6 gene enhancer specifically 
marks components of the developing atrioventricular CCS and AV node 52 53, (but not 
the more distal components of the CCS) and expression of cGATA6 remains visible in the 
mature CCS.

MinK/lacZ	knock-in/	knock-out
The minK gene (also known as IsK and KCNE1) encodes a 129 amino-acid protein, that 
modifies electrical currents in the heart resulting from expression of the genes HERG	and 
KvLQT1	54.	Mutations in both HERG	and KvLQT1,	that encode the structural subunits for 
the channels involved in the cardiac delayed rectifier currents I

Kr and I
Ks

, respectively, are	
the most common causes of congenital long-QT syndrome (LQTS) 54. Disruption of the 
minK gene and integration of the lacZ gene results in ß-galactosidase expression under the 
control of endogenous minK regulatory elements, which has been used to study the expres-
sion pattern of minK in mice.
Disruption of the minK gene causes inner ear defects and QT interval prolongation (in 
bradycardic conditions), the combination of which is known in human as the Jervell-and	
Lange-Nielsen	syndrome 55. MinK (-/-) myocytes lack the delayed rectifier current I

Ks	
and dem-

onstrate significantly reduced I
Kr, which indicates a role of minK in modulating both rectifier 

currents 54. MinK-lacZ is expressed in the developing cardiac conduction system in murine 
embryos starting on E8.25 56.

CCS-lacZ	insertional	mutation
All the above genes have contributed to understanding the complex process of cardiac 
conduction system development. However, none of these genes are expressed in the entire, 
central and peripheral, CCS. In 2000, fortuitous insertion of a lacZ gene in the murine 
genome unexpectedly resulted in expression of lacZ in the (developing) conduction system 
of the heart. Although the gene was originally referred to as “Engrailed2-lacZ”, it should 
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be emphasized that the transgene is most likely under the transcriptional control of a to 
date unidentified integration site and not by the Engrailed2 regulatory elements included 
in the transgene proper (Figure 4). The gene was therefore renamed to cardiac conduc-
tion system (CCS)-lacZ	by Fishman et al. 19. Optical mapping studies performed in murine 
embryos demonstrated a clear correlation of electrical activation with CCS-lacZ expressing 
areas 19 57.
In this thesis the CCS-lacZ model was used to conduct anatomical studies of the developing 
CCS in relation to the expression of this marker (Chapter 2, 3 and 10).

Connexins�expressed�in�cardiac�conduction�tissue
Myocardial cells of the heart are electrically connected via gap junctions. Gap junctions 
consist of 2 connexons, which are hexamers of transmembrane protein subunits called 
connexins 58, necessary for electrical and metabolic coupling between cells. In the heart, 
3 major connexins have been identified: Cx40, expressed in fast conducting cardiac tis-

Figure 4
Schematic overview of the expression of connexin 40, 43 and 45 in the heart. avn: atrioventricular node, bb: 
bundle branches, dr: distal part of bundle branche, His: His bundle, ivs: interventricular septum, Pf: Purkinje 
fibers, pr: proximal part of bundle branch, san: sinu-atrial node, Adapted from: Miquerol et al. Novartis Foun-
dation 2003: 80-94.
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sues and in the atria 59; Cx43, expressed in the slower conducting working myocardium 
of the atria and ventricles, and in the distal part of the conduction system 60; and Cx45, 
expressed in slow conducting pathways and in the myocardium of the primary heart tube 
61 62. However, the expression of connexins in the heart is variable between different species, 
and varies during the different stages of development 59. A schematic overview of connexin 
expression in the heart is provided in Figure 5.
Cx40 can be detected starting from E9.5 in the mouse heart, when it is present first in the 
primitive atria and primitive left ventricle, later also in the primitive right ventricle, but not 
in the AV canal and interventricular septum. During further development, together with the 
development of the specialized CCS, expression becomes restricted to atrial myocytes, (but 
also appears to be present in the RVV of the embryonic sinus venosus), and the ventricular 
conduction system 63 59.
In adult species, Cx40 expression has also been demonstrated in the sinus node in rabbit 
64, dog 65 and human 66, and in the AV node of several species, including rabbit 67, mouse62 
and rat 62 68 69.

Figure 5
Simplified working scheme of the transgenic CCS-lacZ mouse model. The bacterial LacZ reporter gene was 
placed under the control of engrailed-2 promoter elements. Random integration of the construct in mouse 
genome resulted in β-galactosidase expression of the cardiac pacemaking and conduction system throughout 
the heart. As CCS-expression was not observed in a number of additional lines of mice harbouring the same 
transgenic construct, it is likely that the lacZ expression is under the transcriptional control of an unknown 
locus at the site of integration, rather than of the En-2 regulatory elements within the construct. Beta-galactosi-
dase catalyses the conversion from X-gal to 5-bromo-4-chloro-indoxyl, which after non-enzymatic dimerisation 
and oxidation is visible as a blue precipitate in the cells in which the reporter gene is expressed.
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Cx40 deficiency results in sinoatrial conduction defects, significant decrease of conduction 
velocities in the atria, and conduction delay in the His bundle 60. Cx40 knock-out mice 
display an increased incidence of inducible atrial arrhythmias, and significant conduction 
delay in infra-His and AV nodal conduction 70-73. Possibly Cx45 compensates partially for 
the lack of Cx40 in these mouse models 74.
Cx43 is expressed in an inverse pattern of Cx40, and is first detected in the primitive ven-
tricle at E9.5 and in the atria at E12.5. At later embryonic stages (E14.5 onward) Cx43 
expression increases and is present in the adult ventricular (working) myocytes 75 76 Cx43 
knockout mice die at birth because of developmental defects in the pulmonary outflow 
tract, presumably resulting from defective migration of cardiac neural crest cells to this 
region 77.	Cardiac specific deletion of Cx43 results in sudden cardiac death from spontane-
ous ventricular arrhythmias (at 2 months postnatal), which indicates an important role for 
Cx43 for maintenance of electrical stability in the heart 78.
Cx45 is expressed already in all compartments of the linear heart tube (E8.5), including 
the inflow tract, AV canal and outflow tract. Expression of Cx45 decreases throughout 
development and in the adult mouse heart Cx45 is present in the AV node, His bundle, and 
surrounding the Purkinje fibers 61 62. Cx45 knockout mice demonstrate conduction block 
and die of heart failure at E10 79.

Development of the Embryonic ECG

The rhythmic heartbeat, that is characterized by sequential contraction of the atria and 
ventricles, is coordinated by a complex network of cells throughout the heart, the cardiac 
pacemaking and conduction system (CCS). In the adult heart, the slow conducting com-
ponents of this system are the SA-node and AV-node; the fast conducting elements are 
the common bundle of His, the right and left bundle branches and the peripheral Purkinje 
fibers.
Peristaltic contraction of the tubular heart can be observed as early as 23 days post con-
ception (dpc) in human (8.5 dpc in mouse), which results in propulsion of blood from the 
venous to the arterial pole of the heart 5. Sequential contraction of atria and ventricles can 
be observed as soon as cardiac looping starts, along with the occurrence of a surface ECG. 
Although a distinct SA-node primordium can only be detected at E11 in murine hearts 25, 
pacemaker property is already present in the primitive heart tube in the sino-atrial region at 
the venous pole of the heart. Interestingly, the earliest pacemaker has been demonstrated 
at the site of the left atrium primordium, and during development shifts toward the right 
sinus primordium 80 81. The change in activation pattern from base-to-apex to the mature 
apex-to-base pattern, that is needed for efficient ejection of blood from the ventricles in 
the outflow tracts of the heart, is a consequence of the development of the His-Purkinje 
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system, and reflects the impulse propagation through this rapidly conducting system. This 
change occurs before ventricular septation has been completed 57 82.
It is generally accepted that, in order for the atrioventricular conduction axis to become 
functional, electrical isolation of the atria from the ventricles must occur, except at the 
site of the AV-node/His bundle. However, a typical electrogram characterised by a p-wave 
reflecting atrial activation, atrioventricular delay demonstrated by electrical silence on the 
ECG and a QRS-complex reflecting ventricular activation, can already be recorded from 
the embryo at early stages, when the fibrous isolation of the ventricles has not been com-
pleted yet (Figure 6), indicating that functional isolation between atria and ventricles may 
be present before anatomical isolation of the atria from the ventricles has been achieved.

Semantic issues regarding the definition of cardiac conduction system

Over the years, several controversies regarding semantics and different applications of defi-
nitions have been able to elicit strenuous discussions between researchers in the field of 
cardiac anatomy and development. One of these issues regards the question whether it is 
justified to name the tissues in the embryonic heart that are responsible for the embryonic 
ECG conduction tissue 83.
Discussions about the definitions of conduction system have in already 1910 led Aschoff 
and Monckeberg to describe 3 prerequisites that must apply to tissues in order to be des-
ignated “cardiac conduction tissue”. These criteria are 1) cells should be histologically 
distinct, 2) cells should be able to be followed from section to section in serially prepared 

Figure 6
ECG recording of a murine embryo aged 10.5 days. The cardiac activation is characterised by 2 deflections 
representing atrial (A) and ventricular (V) activation, separated by a delay (103 ms).
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tissues and 3) the specialised cells should be insulated from the working myocardium by 
sheets of fibrous tissue 84 85. However, these criteria are not always compelling, as not all 
3 criteria apply to all components of the CCS, such as the tissues of the SA and AV node, 
tissues that are generally accepted to be part of the cardiac pacemaking and conducting 
system.
Also, these adult criteria do not seem to apply to the developing cardiac conduction sys-
tem since the embryonic heart already demonstrates sequential contraction of atria and 
ventricles regulating blood flow, concomitant with a mature surface ECG, well before the 
criteria of Aschoff and Monckeberg apply to these tissues.
Furthermore, several molecular markers and functional criteria are now available that help 
distinguish working myocardium from myocardium that displays a more specialized phe-
notype, before fibrous insulation is achieved.
Therefore, throughout this thesis the CCS is regarded from a morphological point of view 
based on expression of genetic markers, in particular the CCS-lacZ construct. When re-
ferred to the developing cardiac conduction system, the entire cardiac pacemaking and 
conduction system is meant, which thus means not only the nodal tissues, nor only the fast 
conduction tissues, but the entire network of nodes, tracts and fibers responsible for the 
coordinated, and in some cases, uncoordinated contraction of the heart, that is reflected 
by the electrical registration on the surface ECG.

Development of the cardiac conduction system in relation to putative 
sites of clinical arrhythmias

It is well known from electrophysiological studies that the occurrence of clinical arrhyth-
mias is related to anatomical predilection sites. Clinical mapping studies have demon-
strated that ectopic pacemaker foci are preferentially encountered in specific parts of the 
right and left atrium. In the right atrium foci are often encountered in sinus venosus related 
areas, such as the crista terminalis 86 87, a structure related to the initiation/perpetuation of 
atrial flutter; and the ostia of the caval veins 88 and coronary sinus 89 as initiators of clinical 
arrhythmias. In the left atrium atrial fibrillation has been attributed to arrhythmogenic 
foci that originate from the pulmonary veins 90. Furthermore, the interatrial bundle of 
Bachmann and accessory pathways, such as present in Wolf-Parkinson White (WPW) Syn-
drome and Mahaim tachycardia, are anatomical structures important in cardiac conduc-
tion and arrhythmogenesis 91 92. Also, it has been demonstrated that the myocardium at the 
atrioventricular junction itself has specialized properties, and arrhythmias originating from 
both the tricuspid and mitral junction have been described 93 94. The question thus arises 
why these structures, which do not belong to the mature cardiac conduction system, are 
able to generate or sustain arrhythmias.
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We hypothesized that an answer to this question may lie in the embryonic development of 
the cardiac conduction system. In the subheadings below specific anatomical sites that are 
related to arrhythmogenesis in human are described. 

Internodal�pathways
One of the areas of serious controversies over the last decades, lasting now for almost a 
century, is the existence of functional internodal tracts. These internodal tracts, inextri-
cably bound up with the name James, have been described to run in the right atrium in 
between the SA node and the AV node. The pathways as described by James consist of 3 
cellular tracts, distinguishable from the atrial myocardium based on histological study of 
atrial sections (stained mostly with Goldner Trichome): a posterior	pathway along the crista 
terminalis, an anterior	pathway which continues to the left atrium via Bachmann’s bundle, 
and a medial	pathway that runs in the interatrial septum. Specialized Purkinje-like and tran-
sitional cells could be demonstrated in these three pathways 95-97. In the embryonic heart, 
internodal tracts have been distinguished from the atrial myocardium based on the expres-
sion pattern of the marker HNK1 29. In this study, HNK1 was detected in the right venous 
valve (the putative crista terminalis that will form the boundary between the trabeculated 
and smooth walled myocardium of the right atrium), corresponding to the posterior path-
way as described by James; in the left venous valve, that in humans becomes incorporated 
in the interatrial septum; and in an anterior pathway consisting of the septum spurium (the 
fused anterior right and left venous valves), that could be followed towards the left atrium 
in a retro-aortic position 98.
Although tracts with different histological and immunohistochemical characteristics thus 
can be distinguished in the atria, the functionality of these tracts is yet to be determined. 
Results of several studies have suggested preferential spread of atrial activation in a fash-
ion that may correspond to these pathways. For instance, optical mapping studies have 
demonstrated a non-radial spread of intra-atrial conduction in the rat, and the recorded 
conduction patterns were preferential in a pattern corresponding to the posterior and 
anterior pathways as described by James 99. However, whether this preferential conduction 
in the atria, as is observed in these regions, is due to the presence of specialized cells, or is 
merely an anisotropic organisation of tissue 100 remains to be determined. Studies in 1966 
and 1967 have demonstrated that the administration of elevated levels of potassium in-
duced electrical quiescence of the atrial myocardium, with the exception of cells specifically 
localized in the areas corresponding the internodal pathways 101 102. More recently, Racker 
demonstrated 3 bundles with unique potential and conduction capacities in dogs, that 
run in between the SA- and AV node, supporting the presence of specialized properties of 
cells in these areas 103.
Recent data of molecular studies also seem to indicate that the embryological sinus veno-
sus is molecularly distinct from the surrounding working atrial myocardium 56 63. (Also see 
Chapter 2 of this thesis).
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The�coronary�sinus

Embryology	of	the	coronary	venous	system
The coronary sinus develops from the sinus venosus segment of the embryonic heart. The 
sinus venosus has a paired origin and in the 4th week of development it exists of a left and 
right sinus horn connected by a small transversal part. Each sinus horn receives blood from 
3 significant veins: the v. vitellinae/omphalomesenterica, the umbilical vein, and the vena 
cardinalis communis. During the 4th and 5th week of development, growth in favour of the 
right atrium, due to left-to-right shunting of the blood flow, causes the ostium of the sinus 
venosus in the atrium to shift to the right. During further development in humans the left 
umbilical vein and left vitellin vein obliterate, en eventually also the left common cardinal 
vein. All that remains of the left sinus horn is the coronary sinus, and the oblique vein of 
Marshall (which is a remnant of the left cardinal vein). In the mouse, the left superior caval 
vein does not regress and persists into adult life. Due to the left to right shunting of the 
blood, the right sinus horn and concomitant veins enlarge, and will form the eventual caval 
veins 104 105. The right sinus horn incorporates into the atria and the major part will form 
the smooth walled part of the right atrium, bordered by the left and right venous valves. 
During embryology, the left venous valve is continuous with the posterior wall and the 
right pulmonary ridge in the posterior wall of the left atrium 30. In human, during further 
development, the left venous valve becomes incorporated in the interatrial septum. Part 
of the right venous valve forms together with the venous sinus septum (a ridge present at 
the medial atrial wall) the Eustachian	valve, which covers the inferior caval vein. The part 
of the right venous valve ventral to where it fuses with the venous sinus septum forms the 
Thebesian	valve, that covers the ostium of the coronary sinus 104. Inside the coronary sinus, 
at the level of insertion of the oblique vein of Marshall, the valve	of	Vieussens is present 106 
(Figure 7). Anatomical studies describe large interindividual variations in the anatomy of 
the adult coronary venous system 106.

Pulmonary�veins�and sinus�venosus
Since arrhythmogenic capacities have been attributed to the pulmonary veins, these struc-
tures have become an important subject of interest, both for those working in the clinical 
field of electrophysiology, and for those working in basic science. In the following sections 
the development of the pulmonary veins, along with controversies in this field, is described, 
followed by a short overview of morphological, molecular and electrophysiological data 
in relation to the (controversial) presence of specialized myocardium at the site of the 
pulmonary veins.

Development	of	the	pulmonary	veins
In the embryonic heart, the heart tube is initially attached to the foregut via the dorsal 
mesocardium. As described in the first paragraph, during development of the heart the 
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dorsal mesocardium between the arterial and venous pole regresses. A strand of endothe-
lial cells remains, called the mid-pharyngeal	endothelial	strand, which remains connected to the 
endocardium at the sinu-atrial region of the heart tube 30. This strand thus runs in front of 
the foregut from the arterial pole towards the venous pole of the heart, and is part of the 
splanchnic vascular plexus surrounding the developing foregut and lungbuds 30. During 
further development a strand of partly luminized endothelial cells runs all the way from the 
sinus venosus to the lung parenchyma in the developing splanchnic vascular plexus. This 
strand lumenized completely and connects the lung bud (that originates from the foregut 
endoderm) to the sinus venosus. As such the venous connection to the lungs precedes 
the formation of the lung arteries that connect to the sixth pharyngeal arch artery at the 
arterial pole. Endothelial precursors at the peripheral tip of the lumenized vein proliferate 
and lumenize as well, and will form the tributaries of the primitive pulmonary vein 30. The 
connection between the pulmonary vein and the lungs probably occurs around E12.5-E13 
in the mouse (as demonstrated by the presence of Cardiac Troponin I-LacZ positive cardiac 
cells near the main bronchial cavity 13), and has been observed even in earlier stages in 
the quail, as demonstrated by QH1 staining (that detects quail endothelial cells) 30. The 
pulmonary vein and its tributaries incorporate in the left atrium during development. De 
amount of incorporation eventually determines the number of ostia by which the pulmo-
nary veins drain into the left atrium. Under-incorporation will result in single ostia (or even 
a separate pulmonary venous chamber, a so-called pulmonary sinus), whereas over-incor-
poration will give rise to additional branches draining directly into the left atrium.

Relation	of	the	primitive	pulmonary	vein	to	the	sinus	venosus
Whether the single primitive pulmonary vein drains in the sinus venosus segment or in 
the atrial segment of the embryonic heart is a highly controversial issue and has been the 
subject of vivid discussion over the past decades.

Figure 7
Valves in the coronary venous system. The ostium of the coronary sinus is bordered by the Thebesian valve, 
whereas more distal in the coronary sinus the valve of Vieussens can be found.  
CS: coronary sinus, LA: left atrium, LV: left ventricle, RA: right atrium.
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Several early studies describe the drainage of the primitive pulmonary vein into the sinus 
venosus segment of the heart 107 (results revised by Rammos et al. 108) 109, also, in reptiles 
110, fish 111, birds 112 113 and different species of non-human mammals 114 115. More recent 
studies, some of which based on observations using immunohistochemical markers, sup-
port this drainage pattern in human, mouse, rat and chicken 29-31 116-118.
In contrast, other reports describe drainage of the primitive vein directly in the dorsal wall 
of the atrial segment 107 119 119-121 121 122. Part of these controversies seem to rest on different 
application of definitions (especially how to define the sinus venosus), and different inter-
pretation of possibly similar observations.
During development the transition between the primitive sinus venosus and the atrial seg-
ment is demarcated by a fold of tissue, the sinu-atrial fold, that, like sinus venosus tissue 
but in contrast to the atrial segment, expresses HNK1. When using this fold as border 
structure between the sinus venosus and the atrial segment in early stages, the primitive 
pulmonary vein does appear to drain in the left part of the sinus venosus 30 116 (Figure 8).
The HNK1 positive myocardium surrounding the primitive pulmonary vein is continuous 
with the left venous valve, which has consistently been observed in chick, rat and human 30 

31 29. During later stages, this left-sided myocardium loses its HNK1 positivity, in contrast 
to the right part of the sinus venosus, and is separated from the right atrium by the de-
velopment of the interatrial septum, so that the primitive pulmonary vein becomes a left 
sided structure 30. During atrial septation and incorporation of the sinus venosus in the left 
atrium, the sinuatrial fold in the left atrium disappears.
However, if the left and right venous valves are considered as the border structures that 
separate the sinus venosus from the atrial segment, the primitive pulmonary vein does not 
drain within this area. However, these valves are not present yet in early stages, when the 

Figure 8
a. Transverse section through the sinus venosus and left and right atrial appendages of a chick embryo. 
b. Electron microscopic picture at the same level. Arrows point at the sinu-atrial fold, which separates the sinus 
venosus from the atrial segment. The asterisk indicates the common pulmonary vein. AV: atrio-ventricular canal, 
LAA: left atrial appendage, RAA: right atrial appendage, SV: sinus venosus. Left panel adapted from: DeRuiter et 
al. Anat. rec.1995;243:84-92.
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sinus venosus is still separated from the atrium by the sinu-atrial fold (Figure 8), but will 
develop in a later stage from this sinuatrial fold. Most authors do seem to agree that the 
right myocardial ridge of the common pulmonary vein is continuous with left venous valve, 
and that this structure forms the base of the atrial septum 119 120.
Results of studies of the Leiden Department of Anatomy & Embryology support a rela-
tion of the primitive pulmonary vein with the sinus venosus. To date however, neither a 
detailed description of the histological consequences of pulmonary vein incorporation for 
the structure of the left atrial wall, nor the presence of left sided sinus venosus in the hu-
man adult, has been described in literature yet.

The�pulmonary�veins,�left�atrium�and�arrhythmogenesis

Myocardialization	of	the	pulmonary	veins:	development	of	a	myocardial	sleeve
The arrhythmogenic capacities of the pulmonary veins have been attributed to sleeves of 
myocardium that surround the pulmonary veins. Anatomical studies describe in detail the 
length and thickness of the veins 123 124. In general, the myocardial sleeves surrounding the 
left superior PV are the longest, whereas the sleeves surrounding the right inferior PV are 
shorter, and in some cases not present 123. These data correspond with the frequency of 
ectopic foci encountered in clinical mapping studies 90.
The mechanisms of the development of the myocardial sleeves of the pulmonary veins is 
not certain. The sleeves could develop due to a process of	myocardialisation, i.e. growth of 
existing cardiomyocytes into mesenchyme, or migration of myocardial cells from the left 
atrial dorsal wall to the pulmonary veins 13. Interestingly a wave of migration of cardiac 
cells from the sinu-atrial region is hypothesized to migrate to the lungs 13. On the other 
hand, a process of differentiation or recruitment of cells from the mediastinal myocardium 
into cardiomyocytes seems a likely mechanism behind the secondary wave of myocardiali-
sation responsible for the myocardium formation at the sites of the systemic and pulmo-
nary veins 12 12 13. In the mouse, this secondary myocardialisation of the pulmonary veins 
has first been observed starting at E12.5 12 13.
An interest question that arises, is whether, and if so, why these myocardial sleeves possess 
specialized capacities responsible for the ectopic beats initiating and sustaining clinical 
tachycardias 90 125.  The next paragraphs describe the results of several morphological and 
electrophysiological studies that support the presence of specialized characteristics of the 
myocardium surrounding the pulmonary veins.

Morphological	studies	indicative	for	the	presence	of	specialized	conduction	cells	in	the	pulmonary	veins
Already in 1874, attention was drawn to possible independent pacemaking activity of the 
pulmonary veins by Brunton & Fayrer, who observed independent pulsation of the pulmo-
nary veins in the otherwise mechanical silent hearts of rabbits and cats 126. In 1986, Masani 
studied the structure of the myocardial layer surrounding the pulmonary veins in rats, and 
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was able to demonstrate the presence of cells with clear cytoplasm, few myofibrils and 
round or oval mitochondria, that resembled sinus node pacemaker cells 127.
More recently, Perez-Lugones et al have identified the presence of P cells, transitional cells 
and Purkinje cells in human pulmonary veins 128. Interestingly, these cells were mainly found 
in the pulmonary veins of subjects with atrial fibrillation.
It has been hypothesized that deterioration or destruction of the primary pacemaker results 
in an atrial rhythm originating from these ectopic nodal foci 129. Next to the pulmonary 
veins, cells resembling cardiac conduction cells have also been identified in the Eustachian 
ridge of cats 130 and in Bachmann’s bundle in dogs 97.

Electrophysiological	studies	performed	in	pulmonary	veins
Several studies have demonstrated distinct electrophysiological capacities of pulmonary 
veins as compared to the atria 131-133. A greater degree of decremental conduction and 
shorter effective refractory periods have been observed in the myocardial sleeves of the pul-
monary veins as compared to the myocardium of the atrium in patients with paroxysmal 
atrial fibrillation 134 135.
Pulmonary venous cardiomyocytes have distinct electrophysiological properties compared 
to cardiomyocytes in the left atrium, with a reduced resting membrane potential, action 
potential amplitude, a smaller phase 0 upstroke velocity and a shorter duration of the 
action potential 131. In accordance with these findings, it has been demonstrated that the 
myocardium surrounding pulmonary veins has different ionic current properties in com-
parison to the left atrium. The inward-rectifier current is smaller in the pulmonary veins 
then in the left atrium, whereas the delayed rectifier currents are larger in the pulmonary 
vein than in the left atrium 131. These results are supported by a study of Chen et al., who 
distinguished 76% pacemaker cardiomyocytes and 24% non-pacemaker cardiomyocytes in 
pulmonary veins, with distinct action potentials and ionic current properties 133.

The exact mechanism of the contribution of the pulmonary veins to arrhythmogenicity is 
not clear yet. Independent spontaneous pacemaker activity has been demonstrated in the 
pulmonary veins of guineas-pigs, rabbits and cats (125) 136. Several other, more recent, 
reports also support abnormal	automaticity or enhanced	pacemaker	activity in the pulmonary 
veins, with or without infusion of medication or pacing manoeuvres 136-140. Furthermore, 
independent atrial fibrillation has been demonstrated in the pulmonary veins 141.
Also,	 enhanced	 triggered	 after-depolarisations, sometimes in combination with spontaneous 
activity, has been supposed	as the mechanism responsible for the arrhythmogenicity of the 
pulmonary veins 142-145.
The anisotropic arrangement of the myocardium may form the substrate for re-entry at this 
site, which may be important for maintenance of the arrhythmia once it has been initiated 
146. The cellular properties of the pulmonary venous cardiomyocytes mentioned above (re-
duced resting membrane potential, action potential amplitude, a smaller phase 0 upstroke 
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velocity and a shorter duration of the action potential), resulting in shorter refractoriness 
and slowed conduction, favour the occurrence of re-entry 131 140 147 148.

Molecular	markers	expressed	in	pulmonary	veins
In accordance with findings of different electrophysiological properties of the pulmonary 
venous myocardium, differences in ion channel subunit expression have been observed 
in the pulmonary veins compared to the left atrial free wall. These differences include a 
greater abundance of the rapid delayed-rectifier α-subunit HERG, and of the slow delayed-
rectifier α subunit KvLQT1, and lower abundance of the inward-rectifier subunit Kir2.3, 
which may underlie the differences in ionic currents observed between pulmonary veins 
and left atrial cardiomyocytes 149.

AV�junction�–�accessory�pathways/Mahaim�fibers
In early embryonic stages, atrial and ventricular myocardium is continuous through the 
myocardium of the atrioventricular (AV) canal. In normal adult cardiac conduction, the AV 
conduction axis is the only functional atrioventricular conduction tract. AV re-entrant tachy-
cardias are based on the presence of accessory myocardial bundles connecting atrial and 
ventricular tissue, thus bypassing the insulating function of the AV-groove. The most well 
known is the bundle of Kent, present in the Wolf-Parkinson White (WPW) syndrome150.
Also, several arrhythmias have been described in literature that originate from the tricuspid 
and mitral junction 93 94. AV junctional cells surrounding both the tricuspid and mitral an-
nuli resemble nodal cells in their cellular electrophysiology 151

A special form of re-entrant tachycardia is Mahaim tachycardia, during which antidromic 
re-entrant tachycardia occurs over an accessory bundle with AV node like conduction 
properties. The proximal insertion often localized to the lateral, anterolateral or postero-
lateral tricuspid annulus and distal insertion into the right ventricular free wall or the right 
bundle branch 152. To date there are two mouse models for WPW syndrome. Mutations 
in the gene PRKAG2	(that encodes the gamma-2 subunit of the AMP-activated protein 
kinase) have been observed in patients with WPW-syndrome 153. Mice that carry a muta-
tion in the PRKAG2 gene display ventricular pre-excitation and a phenotype identical to 
humans with a familial form of ventricular pre-excitation 154. Patel et al. demonstrated the 
postnatal development of myocardial connections through the annulus fibrosus of the AV 
valves in mice over-expressing the PRKAG2 mutation 155. The findings in these models seem 
to be associated with cardiac hypertrophy, accumulation of excessive amounts of cardiac 
glycogen, and disruption of the annulus fibrosus by glycogen filled cardiomyocytes 156.
Furthermore, deletion of the gene ALK3 (which codes for the type 1a receptor for bone 
morphogenetic proteins) in the AV canal during development causes ventricular pre-excita-
tion, which may indicate an important role of this gene in WPW syndrome 157 158.
However, no morphological or functional explanation for the long atriofascicular/ventric-
ular accessory bundles as observed in Mahaim tachycardias has been described.
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Treatment strategies for clinical arrhythmias related to specific 
anatomical sites

Atrial�fibrillation,�atrial�tachycardia�and�atrial�flutter
Atrial fibrillation is the most common arrhythmia encountered in clinical practice, with an 
increasing incidence and prevalence at higher age 159. The lifetime risk for development of 
atrial fibrillation is 1 in 4 for men and women aged 40 years and older, even in the absence 
of related cardiac disease such as congestive heart failure or myocardial infarction 160. Be-
sides symptoms that affect the quality of life, there is a significant risk of thrombo-embolic 
complications (such as stroke), of heart failure and of death.
Idiopathic atrial fibrillation can be classified as follows: In paroxysmal atrial fibrillation, 
recurrent episodes of atrial fibrillation terminate spontaneously (usually within 48 hours) 
without medical intervention; Persistent atrial fibrillation does not terminate spontaneously 
but can be terminated by chemical or electrical cardioversion; In permanent	atrial fibrilla-
tion chronic atrial fibrillation is continuously present and cannot (or is not attempted to) 
be converted by medical intervention.
Results of pharmacological treatment are often disappointing, adverse side effects of anti-
arrhythmic medication are considerable and pro-arrhythmic effects may occur 161. Over the 
recent years, interest in non-pharmacological therapies for atrial fibrillation has increased. 
Besides the development of techniques focusing on rate-control such as His bundle abla-

Figure 9
Schematic overview of the surgical MAZE procedure. Multiple incisions are made in the heart in order to elimi-
nate the substrate for re-entry. LA: left atrium, LAA: left atrial appendage, MA: mitral annulus, PV: pulmonary 
veins, RA: right atrium, RAA: right atrial appendage, TA: tricuspid annulus, VCI: inferior caval vein, VSC: supe-
rior caval vein. Adapted from: Up to Date 2006: “MAZE procedure in atrial fibrillation”.
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tion, surgical techniques aimed at restoration of sinus rhythm have been developed. The 
most well known of these techniques is the surgical “MAZE” procedure, during which surgi-
cal atrial incisions create a network (resembling mazes of a net) that divide the atria in small 
segments, thus eliminating the substrate for re-entry 162 (Figure 9). Several modifications of 
this technique are applicated 163. In addition, intra-operative application of radiofrequency 
current and several-catheter based techniques have evolved. The observation that ectopic 
foci originating in the pulmonary veins can initiate atrial fibrillation 90 125 has stimulated 
the development of percutaneous ablation strategies aimed at ablation at the site of the 
pulmonary veins. During these techniques, an ablation catheter is placed in the left atrium, 
usually by the transseptal approach. The initial ablation technique as proposed by the 
group of Haïssaguerre et al. was aimed at focal	elimination	of	arrhythmogenic	ectopic	foci in the 
pulmonary veins 90 125 164. Arrhythmogenic veins can be recognised by the presence of (early) 
pulmonary vein potentials during sinus rhythm (Figure 10). The endpoint of this technique 
is the elimination of all pulmonary vein potentials. The advantage of this technique is 
that radiofrequency current is applied at only those sites in the pulmonary veins where 
arrhythmogenic activity is demonstrated. Disadvantages  include the difficulty of mapping 
in patients with atrial fibrillation, necessitating cardioversion to sinus rhythm prior to the 
procedure; the difficulty of mapping intermittendly firing foci; frequent recurrences of AF, 
necessitating re-ablation in approximately 41-69% of patients; long procedure-times due 
to extensive mapping; and a risk of pulmonary vein stenosis 90 164-166.

Figure 10
Pulmonary vein potentials during sinus rhythm. The upper 3 tracing are surface ECG lead I, II and III. The lower 
2 recordings are derived from catheters positioned at the roof and bottom of the right superior pulmonary vein 
(RSPV). The first and third beats are sinus beats. The second beat, is an early ectopic beat originating from the 
roof of the RSPV, as indicated by the early pulmonary vein potential (asterisk). The bottom of the RSPV is pas-
sively activated later (**). # indicates a pulmonary vein potential from the bottom of the RSPV, without capture 
to the roof of the RSPV and to the atrium (“concealed” ectopic discharge). From: Haïssaguerre et al. Circula-
tion 2000;101(12):1409-17.
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Alternatively, pulmonary	vein	isolation can be performed, during which an attempt is made 
to achieve electrical isolation of the pulmonary veins from the left atrium by the applica-
tion of circumferential ablation lesions at the ostia of the pulmonary veins. In general 
there are two methods by which pulmonary vein isolation is performed: First, circumferential 
pulmonary vein isolation, an anatomical approach during which electro-anatomical maps 
are used to locate the pulmonary veins and to guide the application of ablation lesion 
surrounding the pulmonary veins. This method was first proposed by the group of Carlo 
Pappone in Milan 167. Next to disconnecting the trigger from the left atrium, it is believed 
that the substrate for atrial fibrillation is modified by the application of ablation lesions in 
the left atrium. Additional ablation lines connecting the ablation lines to anatomical land-
marks, such as the left isthmus (between the left inferior pulmonary vein and the mitral 
annulus) are often made to prevent the occurrence of macro-reentrant circuits that may 
lead to left atrial flutter.
A second method of pulmonary vein isolation is segmental pulmonary vein isolation, during 
which a circular “lasso” catheter (first used by the group of Haissaguerre 168) is placed at 
the orifice of a pulmonary vein, and is used to define the sites of pulmonary vein potentials 
and of electrical connections between pulmonary veins and the left atrium. Ablation at the 
sites of the connection at the pulmonary venous orifice is performed, aimed at achieving 
electrical isolation of the pulmonary veins from the left atrial body.
Recent publications stress the importance of complete electrical isolation, since incom-
plete electrical isolation of the pulmonary veins (either by resumption of conduction be-
tween the ablated areas, or due to residual conduction in pulmonary veins) may result in 
(late) recurrence of atrial fibrillation 169-172. Furthermore, isolation of all pulmonary veins 
has been demonstrated to be more effective than selective pulmonary vein isolation 173.
Advantages of complete (i.e. ablation of all pulmonary veins) pulmonary vein isolation 
are that extensive mapping is not necessary; “recurrent” foci are prevented by targeting 
all veins; and a reduced risk of pulmonary vein stenosis by targeting the application of 
radiofrequency current outside the orifice of the pulmonary veins. Disadvantages of this 
technique include the ablation of a significantly larger area, and long procedure-and fluo-
roscopy times due to difficult visualization of the pulmonary venous ostia.
Complete isolation of all four pulmonary veins from the left atrium has become the pre-
ferred approach for the treatment and prevention of both paroxysmal and persistent and 
permanent atrial fibrillation 174. Results for patients with paroxysmal atrial fibrillation seem 
to be better than those for patients with persistent and permanent atrial fibrillation. In 
one large series of 251 patients 85% of patients with paroxysmal atrial fibrillation and 68% 
of patients with persistent/permanent AF were free of atrial fibrillation after RFCA 175. In 
general, the outcome of circumferential ablation of the pulmonary veins seems to be better 
then the outcome of focal/segmental ablation of the pulmonary veins 173 176, although a re-
cent study reports better outcomes for segmental ablation 177. However, in the latter study 
significant more patients with structural heart disease were included in the group receiving 
circumferential ablation. Differences in outcome may be due to patient selection.
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Atrial fibrillation and atrial arrhythmias can also be related to other sites in the atria, such 
as the ostia of the coronary sinus and caval veins 88 178 179 and the crista terminalis, and are 
accessible to local treatment by RFCA 86 87 87. Furthermore, in experimental animal models, 
the mitral annulus-aorta junction was found to be a source of arrhythmias 180-182.  Atrial 
tachycardia has also been observed to originate at the posterior side of the left atrial ap-
pendage 183.

Ventricular�tachycardia
Although most ventricular tachycardias are secondary to ischemia, several tachycardias 
are related to specific anatomical intracardiac sites, such as the right ventricular and left 
ventricular outflow tracts 184. RFCA of ventricular tachycardia is the treatment of choice 
in selected patients with hemodynamically stable VT 185 186. However, exact localization of 
catheters in relation to cardiac anatomy using fluoroscopy is difficult and time-consuming, 
in particular when small localized aneurysms as observed in arrhythmogenic right ven-
tricular dysplasia (ARVD), are the targets of ablation. Furthermore, RFCA-procedures are 
associated with an increased risk of serious procedure-related complications 185 187, such as 
thrombo-embolic events or perforation with subsequent pericardial effusion (tamponade) 
due to catheter manipulation or – less often – the application of RF-current. The ability to 
monitor the occurrence of complications directly will potentially have beneficial effects on 
outcome 188.

Problems encountered with radiofrequency catheter ablation  
(of atrial fibrillation)

Visualisation�of�the�substrate�for�ablation
As described above, results of catheter based ablation techniques are promising, but at the 
cost of long procedure times and serious procedure-related complications (described in 
detail below) 165. These issues are (in part) related to the fact that the ablation targets, the 
veno-atrial junctions and the pulmonary veins or their ostia, are not easily visualized using 
fluoroscopy alone. Furthermore, fluoroscopy does not allow identification of anatomical 
intracardiac structures accurately and cannot be used to verify adequate catheter-tissue 
contact and variations in wall thickness. Accurate catheter positioning can therefore be 
difficult and time-consuming, which may result in long-procedure and fluoroscopy times.

Variations�in�pulmonary�venous�anatomy
It has been long recognised that interindividual variations in the number of pulmonary 
veins and their insertion in the left atrium occur. Already in 1966, Nathan et al. described 
variations in number of pulmonary veins and the insertion in the left atrium 189. In sev-
eral anatomical reports, based on observations in human autopsy hearts, common ostia 
have been observed in approximately 25% of examined hearts, most common on the left  
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side190 124 191. The frequency of occurrence in which the different variations are described 
in several studies using imaging techniques to depict the pulmonary veins, differs largely 
and ranges from 19% to almost 40 % 192-195. In our experience with human hearts, a ridge of 
tissue is often present surrounding the ostia of particularly the left pulmonary veins (Figure 
11). Knowledge about the variations in pulmonary vein anatomy and morphology of the 
ostia of the pulmonary veins may facilitate radiofrequency catheter ablation at this site.

How�to�define�the�atrio-pulmonary�venous�junction?
The above mentioned different percentages of the occurrence of variations in pulmonary 
vein anatomy, such as the occurrence of common ostia and additional pulmonary venous 
branches can mainly be attributed to the fact that to date there is no generally accepted 
definition of the border between the left atrium and the pulmonary veins. Histologically, 
there is no clear border between the left atrium and the pulmonary veins. Also, there is no 
consensus on how to determine the left atrial-pulmonary venous junction using imaging 
techniques. An anatomical definition of this atrio-pulmonary venous junction is necessary 
however in procedures where ablation lesions are targeted outside the pulmonary venous 
ostia, and thus depends on proper recognition of this junction.

Procedure�related�complications

Risks	associated	with	transseptal	puncture
Catheter ablation in the left atrium requires entrance to the left atrium by either a retro-
grade approach through the aortic valve, or transseptal through an open foramen ovale 
but more often by transseptal puncture, which is currently preferred by most centres. Al-
though transseptal puncture is usually feasible, adequate targeting of the puncture site, 
i.e. the fossa	ovalis in the interatrial septum, is critical as several serious complications can 

Figure 11
The left pulmonary veins. Both veins are separated from the left atrium by a ridge of tissue (arrow), which forms 
a large ostium in which both veins drain. LA: left atrium LIPV: left inferior pulmonary vein, LSPV: left superior 
pulmonary vein, MV: mitral valve.
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occur during this procedure. Complications related to this procedure include aortic per-
foration, perforation with cardiac tamponade and systemic emboli 196. Using fluoroscopy, 
the target place for puncture, the fossa ovalis can not be visualised. Transseptal puncture 
can be performed under transoesophageal echocardiographic guidance, but this proce-
dure is uncomfortable for the patient and requires sedation. In recent years, guidance by 
intracardiac echocardiography has proved a feasible and safe method to guide transseptal 
puncture (described in Chapter 6).

Pulmonary	vein	stenosis
Pulmonary veins stenosis is a well known complication of ablation at the site of the pulmo-
nary veins, and can be divided in acute pulmonary vein stenosis, that occurs directly after 
ablation, and late pulmonary vein stenosis, that may progressively develop after RFCA to 
become symptomatic in the course of several months 197-199. Acute stenosis is thought to 
be inflicted by oedema and tissue swelling by the application of radiofrequency current, 
and does not appear to predict the occurrence of chronic pulmonary vein stenosis 200 201. 
Although mild to moderate pulmonary vein stenosis is often asymptomatic, more severe 
stenosis, and the presence of more than one stenotic vein, may produce a range of symp-
toms including chest pain, dyspnoea during exertion or at rest, cough, hemoptysis, recur-
rent pulmonary infections and pulmonary hypertension 202 203.
Percutaneous intervention by balloon dilatation with or without stenting produces a rapid 
relief of symptoms, but requires repeated intervention in a significant number of patients 
due to re-stenosis or in-stent restenosis 199.
The risk of this complication is highest when radiofrequency current is applied inside the 
pulmonary veins 90 204. However, also during pulmonary vein isolation with RFCA targeted 
outside the veins this complication has been reported 205.
Imaging techniques, such as intracardiac echocardiography, allowing more accurate visu-
alisation of the left atrial-pulmonary venous junction may diminish the incidence of pul-
monary vein stenosis.

Perforation,	pericardial	effusion,	cardiac	tamponade
The application of radiofrequency current carries a risk of perforation with subsequent 
cardiac tamponade of the cardiac or vessel wall, especially when ablation is performed at 
sites where the myocardium is very thin, and when ablation is performed with high power 
and temperature settings. Monitoring of catheters and early detection of this complication 
by on-line imaging techniques improves safety of the procedures.

Systemic	thrombo-embolism
As with all left sided procedures, catheter ablation in the left atrium carries a risk of throm-
bo-embolic complications, such as peripheral or cerebral ischemia and stroke. The risk of 
this complication can be reduced by continuous heparinisation during these procedures, 
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and formation of thrombus at the catheter tip can be evaluated by monitoring impedance 
rise. Direct evaluation of the formation of thrombus by imaging techniques may also con-
tribute to the safety of these procedures.

Phrenic	nerve	paralysis
The right phrenic nerve runs in close association with the right superior pulmonary vein 
206. During catheter ablation, irritation to this nerve may present itself as hick-ups, whereas 
more serious injury may cause diaphragmatic hemiparalysis, a condition that is asymptom-
atic in most patients, but may give dyspnoea d’effort, especially in patients with underlying 
lung disease. Partial return of function of the damaged nerve may occur 207. Furthermore, 
damage to the vagal nerve plexus surrounding the oesophagus has may be responsible for 
the reported cases of pyloric spasm and gastric hypomotility, causing indigestion after 
ablation 208.

Left	atrial	flutter	after	ablation. Atypical left atrial flutter may result from a new re-entrant 
circuit around radiofrequency lesions or left atrial scar tissue. These circuits often involve 
the left atrial isthmus between the left inferior pulmonary vein and the mitral annulus. To 
reduce this risk, a left isthmus ablation line can be created during radiofrequency catheter 
ablation of atrial fibrillation. Also the creation of continous transmural lines prevents the 
occurrence of left atrial flutter after ablation 209. The coronary sinus musculature can also 
play a role in the occurrence of atrial flutter after radiofrequency catheter ablation 210.

Left	atrial-oesophageal	fistula
The formation of a fistula between the left atrium and the oesophagus is a potentially 
lethal complication of RFCA for atrial fibrillation. Clinical features may resemble pericar-
ditis. Patients can present with high fever and symptoms of cerebral and cardiac ischemia 
caused by (air) emboli. The close association of the oesophagus and the left atrial dorsal 
wall can cause patients with very thin myocardial dorsal walls to be prone to this serious 
complication, and lower power and temperature settings are recommended during ap-
plication of radiofrequency energy at this site 211 212.

Damage	to	the	cardiac	conduction	system
Application of radiofrequency current at part of the CCS, e.g. the AV node or His bundle, 
may result in (transient) bradycardia or asystole. This must be distinguished from brady-
cardia/asystole due to ablation of the extensive network of autonomic nerve fibers situated 
at the pulmonary venous ostia, which has been suggested to be a positive predictor of 
procedural success 213.

Anatomical knowledge prior to these procedures and improved monitoring of catheters in 
relation to the substrate may increase safety and efficacy of these procedures.



G
eneral Introduction

C
hapter 1

37

Imaging techniques to support RFCA at specific anatomical sites

As described above, there are still several challenges for improvement of safety and ef-
ficacy of RFCA procedures. Currently pre-procedural evaluation of cardiac anatomy of 
target structures for ablation are performed with magnetic resonance imaging (MRI) or 
computed tomography (CT). During RFCA procedures the use of 3D electro-anatomic 
mapping systems can be helpful. In addition, intracardiac echocardiography can be used 
to obtain on-line information on cardiac anatomy, catheter position, hemodynamics and 
monitoring of complications. Imaging techniques used in the studies of this thesis are 
described below.

The�CARTO�system
The name CARTO is derived from cartography, the creation of a map. The CARTO system is 
a non-fluoroscopic, three-dimensional, catheter based electro-anatomic mapping system, 
that is used to create an anatomical map of a cardiac chamber and other anatomical struc-
tures, e.g. the left atrium and the pulmonary veins, on which both local activation times 
and voltage maps can be superimposed. The CARTO system consists of a miniaturized 
magnetic field sensor incorporated in a catheter tip, an external ultralow magnetic field 
emitter (location pad) and a processing unit. The magnetic field emitted by the location 
pad is received by the sensor in the catheter and sent through the catheter to the processing 
unit. By moving the catheter containing the sensor in the heart, the system can calculate 
the location of the catheter in relation to the location pad, and thus depict where in the 
heart the catheter is located. A second catheter serves as reference catheter, which is usu-
ally positioned in right atrium or the coronary sinus. Local activation times are calculated 
by registration of local unipolar electrograms by the mapping catheter on different sites in 
the atrium and comparing these with the local activation time measured by the reference 
catheter. These local activation times are depicted on the anatomical 3-D reconstruction 
of the cardiac cavity. The catheter is imaged in this 3-dimensional view of the heart, and 
ablation sites can be annotated 214.

Multi-Slice�Computed�Tomography

History	and	basics	of	CT
Computed tomography is a cross-sectional imaging technique that was developed by G.N. 
Hounsfield en A.M. Cormack in 1972, for which they were granted the Nobel price in 
Medicine in 1979. First generation CT scanners consisted of 1 X-ray tube that sent a X-ray 
beam through the patient, before it hit a single detector opposite the tube (Figure 12a). 
The X-ray tube would thus create 1 recording, where after it would shift to another posi-
tion to create another recording, after which the tube-detector combination would rotate 
several degrees and make another series. Second generation CT-scanners had multiple de-
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tectors opposite the X-ray tube, thus allowing the acquisition of more data (Figure 12b). 
Currently, with the use of third generation CT scanners the X-ray tube-detector combina-
tion rotates around the patient allowing the creation of a slice within 1 breath hold. During 
spiral CT scanning, the patient table is moving during rotation of the X-ray tube detector 
combination, creating a spiral, (Figure 12c). During multi-slice (multi-detector row) CT 
(MSCT) scanning, multiple rows of detectors in the Z axis allow multiple axial slices to 
be obtained during a single rotation of the X-ray tube (4, 16, 32 and 64 for the 4-slice, 
16-slice, 32 slice and 64 slice CT scanner respectively). In the scan plane (X,Y plane) the 
number of detectors is the same as in the conventional third generation scanners, but in 
the longitudinal plane (Z-plane), the multi-slice detector consists of multiple elements, al-
lowing the creation of multiple slices at the same time (Figure 12d). Also, the fast rotation 
time of the tube adds to a decrease in duration of the scanning period.
For the multi-slice system used in the studies performed in this thesis, this means that with 
a rotation velocity of 0.5 seconds, 4 slices per rotation can be obtained with the 4-slice 
scanner (i.e. 8 slices per second) and 16 with the 16-slice scanner (i.e. 32 slices per sec-
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Figure 12
a. First generation scanner
b. Second generation scanner
c. Third generation scanner
d. Multi-slice (Multi-detector row) scanner
Adapted from: Philips 1990; Computed Tomography, Principles and Practice 

ond). Currently, in Leiden a 64-slice scanner is used (i.e. 128 slices per second/160 slices 
per second, (for rotation velocity of 0.5 seconds and 0.4 seconds respectively). Scanning of 
the whole heart, which usually can be performed by scanning a traject of 8-12 cm, can be 
performed during 1 breath hold (that lasts 8-20 seconds, depending on the system used).

Spatial	and	Temporal	Resolution
Spatial resolution is expressed in millimetres and refers to the capacity of the system to 
separately depict details that highly differ in contrast, in other words the capacity of the 
system to depict small, high contrast details in relation to the surrounding tissues. The 
spatial resolution is directly related to the slice thickness and the reconstruction matrix. 
Contrast resolution is a measure for distinction between areas with only slight contrast 
difference, in other words how well the system can depict relatively large details with a 
small contrast in relation to the surrounding tissues.
Isotropic imaging means that the voxels have the same size in every dimension, which al-
lows data reconstruction in multiple viewing planes (=multiplanar reconstruction).
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Temporal resolution is expressed in milliseconds and refers to the time needed to acquire 
the information (speed of data acquisition), and thus the clarity of imaging of the con-
tracting heart. The temporal resolution determines the degree of motion suppression, and 
is related to a.o. the pitch factor (i.e the ratio of the couch increment per rotation to the 
collimated slice thickness at the axis of rotation), the rotation time of the X-ray tube and 
detector combination and the heart rate of the patient. The smaller the spatial and tem-
poral resolution, the better the image quality. With the system used in this thesis, temporal 
resolution can theoretically be as low as approximately 150-250 ms.

Retrospective	ECG	gated	scanning
The heart is a continuously moving organ, and the challenge in cardiac CT is to obtain im-
ages that are not hindered by cardiac motion artefacts. During ECG gated spiral scanning 
an attempt is made to synchronise the reconstruction of a continuous spiral CT scan to the 
cardiac motion, by using a simultaneously recorded ECG trace. The R-peaks of the ECG 
trace are annotated to the scanned raw data set. A large amount of data is acquired of the 
whole	cardiac	cycle, and retrospectively different cardiac phases can be reconstructed (which 
can be useful for selection of optimal image quality by reconstruction of the phase with the 
least cardiac motion artefacts). Retrospective ECG gating also allows functional analysis, 
in contrast to prospective scanning, during which the cardiac phase to be reconstructed is 
pre-selected, and the exposure trigger is determined based on the previous cardiac cycle.

Scanning	patients	with	high	heart	rates
In the system used in this thesis, segments of cardiac phases from multiple rotations can 
be used to reconstruct the desired cardiac phase, in other words, views from different 
rotations are combined to simulate one 180º tube rotation (Figure 13a). The more seg-
ments that are available for reconstruction, the better the temporal resolution and thus 
the image quality. This also means that during high heart rates, an increased number of 
cardiac cycles is available for reconstruction if the scan windows remains the same. (The 
scan window= rotation time/pitch factor). The system can handle up to 5 segments for 
reconstruction. Heart frequencies up to 140 beats per minute can be scanned, therefore 
the use of beta-blocking agents may not be necessary (Figure 13b). Also this system has 
the capacity to adjust to some extend for irregular heart rates using adaptive	temporal	resolu-
tion, that is adjusted to the detected heart rate. This means that scanning and processing 
is not fixed, but that the number of segments to be used for reconstruction is adapted  for 
best temporal resolution by following the fluctuations in the heart rate, while the optimal 
scan parameters for the patient’s heart rate are automatically selected.

CT	Viewing	modes
Evaluation of cardiac anatomy on MSCT scans can be performed using the 3 standard 
orthogonal planes, being the transversal plane, the coronal (frontal) plane, and the sagital 
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(lateral) plane. Next to the orthogonal planes, sophisticated post processing techniques 
allow optimal insight into the cardiac venous system by the creation of 3-dimensional 
reconstructions, virtual endoviews and multiplanar reformats.

Radiation	Dosage
The radiation dosage used when scanning using retrospective ECG gated triggering is in 
the range of 7 to 11 mSv 215 216. This is a significant radiation load, when taking into ac-
count that a diagnostic coronary angiogram has a radiation load of 2-6 mS. Part of this 
problem can be solved by using prospective scanning, during which data acquisition is also 
synchronised with a ECG, but each scan is triggered at a predetermined phase of the RR-
interval. Using prospective scanning, radiation exposure is reduced to approximately 4.3 
mSv 217. Prospective scanning does not allow dynamic function analysis and reconstruction 
in several cardiac phases. Currently, we are applying untriggered scanning for imaging of 
the pulmonary veins, with satisfactory results, thus allowing significant dose reduction. 
Alternatively, dose modulation can be used for reduction of the radiation dose: helical 
scanning is performed with continuous data acquisition; however, a dose reduction can 
be applied during 0-35% of the cardiac cycle, as these phases are unlikely to be used for 
further diagnostic evaluation.

Disadvantages	and	Advantages	of	MSCT	as	compared	to	MRI
The advantage of MRI as compared to MSCT is the lack of ionizing radiation exposure, 
however MRI cannot be applied to patients with pacemakers, claustrophobia, or in pa-

Figure 13
a. Different tube positions allow 3 segments to be reconstructed to a virtual 180° rotation 
b. Temporal resolution curve.
From: Toshiba Corporation 2003: Basics	of	Cardiac	CT	Imaging.
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tients who, due to their clinical condition, cannot tolerate the considerably long scanning 
times of MRI. Furthermore, better spatial resolution is obtained with CT, making assess-
ment of especially small vascular branches more feasible. Advantages of the multi-slice 
technique include short scanning times, maximal scan range, and maximal resolution in 
the Z-plane, allowing high quality post-processing, such as multiplanar reformats and 3-
dimensional reconstructions.

Multi-Slice�Computed�Tomography�for�Imaging�of�the�Cardiac�Veins

CT-imaging	of	the	pulmonary	veins
As described above, the treatment of atrial fibrillation by radiofrequency catheter ablation 
is still challenged by several issues, including difficult visualisation and variable anatomy of 
the pulmonary veins.
Using imaging techniques such as CT and MRI, variations in pulmonary vein anatomy are 
often noted. Most authors agree that common ostia are observed most frequently on the 
left side, and additional pulmonary veins and an early branching pattern are observed 
most frequently on the right side. However as mentioned the frequency in which the differ-
ent variations are recognised differs largely in between different studies, and ranges from 
19% to almost 40 % 192-195.
Both the occurrence of common ostia  and additional pulmonary veins 218 have been as-
sociated with the occurrence of arrhythmias193 219, whereas the frequently observed occur-
rence of an early branching pattern of the right inferior pulmonary vein has been suggested 
to be a possible protective anatomic variant, since arrhythmias seem to be initiated less 
frequently from the right inferior pulmonary vein 125 220.
Pulmonary venous ostia can be dilated in patients with atrial fibrillation 221. Also, recent 
data using MRI demonstrated that the shape of the ostia of the pulmonary veins is asym-
metric 195. As arrhythmogenicity can arise in all pulmonary veins, the best clinical results are 
obtained by targeting all pulmonary veins 222 223.
A limitation in the evaluation of the occurrence of common ostia on MSCT-images, is the 
lack of anatomical boundaries demonstrating the exact border between the left atrium and 
the pulmonary veins. In most imaging studies using MSCT, the left atrial-pulmonary ve-
nous border is determined on 3-dimensional reconstructions or single orthogonal planes.
The use of a structured method using the 3 different and more accurate orthogonal 
(transversal, coronal and sagital) planes may facilitate the recognitions of variations in 
anatomy.

CT	imaging	of	the	coronary	venous	system
As is the case for the pulmonary veins, variations in anatomy have also been described in 
anatomical studies for the coronary venous system 106. To date, experience with MSCT for 
imaging of the coronary venous system is only limited.
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The	coronary	venous	system	and	cardiac	resynchronisation	therapy
Cardiac resynchronisation therapy offers a good therapeutic option for the treatment of 
patients with ventricular dyssynchronia and moderate to severe heart failure 224. Right ven-
tricular pacing is achieved by the insertion of a pacemaker lead in the right ventricular 
apex, whereas the left ventricular pacemaker lead is positioned in one of the tributaries of 
the coronary sinus. Although success rates for placement of a transvenous cardiac resyn-
chronisation system is relatively high (88-95% in large clinical trials), in 5-12% of patients 
the procedure does not succeed due to placement failure of the left ventricular (LV) lead 
using a transvenous approach 224. Reasons for failure of LV lead placement include the lack 
of suitable side branches 224 225, narrowing of the coronary sinus ostium or ostia atresia 
226, and the inability to advance catheters through the coronary venous system 225 227. This 
may result in long procedure-and fluoroscopy times and an increased risk of dissection 
or perforation of the coronary sinus. Also, recent studies have strained the importance of 
adequate vein selection and several authors have suggested that the pacing site should be 
individualised for achieving the best results 228 229.
Therefore, anatomical knowledge prior to procedures may be helpful to distinguish pa-
tients eligible for CRT using a transvenous approach from those who are more likely to 
benefit from a surgical epicardial approach.

The	cardiac	venous	system	and	interventional	electrophysiology
Next to the interest for the coronary sinus as an anatomical structure for placement of the 
left ventricular lead, the coronary sinus has also been recognised as an arrhythmogenic 
structure 89 178. Catheter ablation techniques have been successfully applied to eliminate 
arrhythmogenic foci at the coronary sinus ostium 230. Posteroseptal and left posterior ac-
cessory connections have been described at the site of the coronary sinus, which may also 
be cured by radiofrequency catheter ablation 231 232 233. Furthermore, arrhythmogenic ca-
pacities have been attributed to the vein	of	Marshall which can be cured by catheter ablation 
at this site 234. Knowledge of the location of the vein of Marshall may be useful for the guid-
ance of ablation of accessory pathways 231. The vein of Marshall can also be used to mark 
the border between the coronary sinus and the great cardiac vein 106. At this border, the 
valve of Vieussens is often present, which is an important cause of problems with advanc-
ing the catheter into cardiac veins 227

The close anatomical relationship of the coronary venous system to the coronary arter-
ies and oesophagus warrants careful selection of application sites for radiofrequency 
current235.

Intracardiac�Echocardiography
Echocardiography is a powerful technique for cardiac imaging, that uses the physical ca-
pacities of ultrasound (sound with frequencies that cannot be perceived by the human 
auditory system) for imaging of the heart and cardiac vessels. The introduction of intra-
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cardiac ultrasound systems capable of scanning with low frequencies (allowing deep tissue 
penetration), allows imaging of the whole heart with the ultrasound catheter positioned 
exclusively in the right atrium or right ventricle. In the studies described in this thesis a 
phased array intracardiac echocardiography system is used. This system uses a 10 French 
(±3.3 mm) ultrasound catheter, positioned in the right atrium or right ventricle for imaging 
of the entire heart. The ultrasound catheter consists of a miniaturized 64-element, phased 
array transducer, that is incorporated in a single use catheter (Figure 14). The transducer 
scans in the longitudinal monoplane, providing a 90º sector image with tissue penetra-
tion of approximately 15 cm. Two planes of bi-directional steering (anterior-posterior and 
left-right, each in a direction of 160 degrees) are possible by using a mechanism on the 
handle of the catheter. The high resolution multiple frequency transducer (5-10 MHz) 
allows tissue penetration enhancement, thus allowing depth control. Measurements of 
hemodynamic and physiologic variables can be made using Doppler imaging. The catheter 
is connected to an ultrasound system (Figure 14).

History,	technical	requirements	and	clinical	applications
An overview of history, technical requirements and clinical applications in interventional 
procedures of intracardiac echocardiography is provided in Chapter 6.

Figure 14
Intracardiac ultrasound catheter. At the tip of the catheter a miniaturized transducer is inserted, that can scan 
in a 90° monoplane. With gratitude to Siemens.
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Imaging	planes
To date, there are no standard views for intracardiac echocardiography, such as for trans-
thoracic and transesophageal echocardiography. Because the catheter scans in the mono-
plane, (as opposed to the rotating transoesophageal transducer), only 2-D imaging can be 
achieved. However, using a standardized method, accurate views of intracardiac structures 
can be obtained, which is also described in Chapter 6.

Integration of Imaging Techniques for Treatment of Clinical Arrhythmias 
in the Electrophysiology Cathlab

In the clinical research performed in this thesis, multiple imaging techniques have been 
used in parallel to facilitate radiofrequency ablation procedures. During these procedures 
the advantages of the different imaging techniques are integrated: depiction of the sub-
strate prior to treatment by multi-slice spiral CT; during the procedure the substrate can 
be visualized in relation to catheters and cardiac devices with intracardiac echocardiog-
raphy and be combined with the information obtained by electroanatomical mapping. 
However, conventional 3D electroanatomic mapping systems are limited by the use of 
reconstructed anatomy. New image integration systems allow the use of real cardiac anat-
omy during catheter ablation procedures 236-238. Using this integrated approach, on line 
electrical activation maps can be directly correlated to the patient’s anatomy as obtained 
with multi-slice computed tomography (Figure 15). 

Figure 15
Image integration. Electro-anatomical maps acquired with a non-fluoroscopic mapping system (CARTO) are 
fused with MSCT images. During the procedure, ablation points can be marked in this fused image, to give the 
operator optimal insight of patient anatomy in relation to the position of the ablation catheter. LA: left atrium, 
LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary vein, RIPV: right inferior pulmonary vein, RSPV: 
right inferior pulmonary vein. Modified after Tops et al. Heart Rhythm. 2005 Oct;2(10):1076-81.



46

Aim and outline of the thesis

This thesis focuses on cardiac anatomy as a substrate for clinical arrhythmias, as well as 
the target for treatment strategies. The aim of the first part of this thesis is to correlate 
results of basic studies of the development of the cardiac conduction system to clinical 
arrhythmias. The feasibility and evaluation of the treatment of clinical arrhythmias origi-
nating in specific anatomical sites guided by imaging techniques is the aim of the second 
part of this thesis.
In Chapter 2 the development of the cardiac conduction system was studied in CCS-lacZ	
transgenic mice, and results were correlated to anatomical predilection sites of clinical ar-
rhythmias. Special attention was paid to the development of the primitive pulmonary vein 
in relation to the developing cardiac conduction system.
Chapter 3 describes the developing cardiac conduction system in CCS-lacZ reporter mice 
in relation to the development of the right ventricular inflow tract and the moderator band, 
and a morphological substrate for the occurrence of Mahaim re-entrant tachycardias was 
hypothesized. The morphological results of this study were subsequently tested by func-
tional electrophysiological experiments in murine embryos.
In Chapter 4 the histological consequences of the incorporation of the primitive pulmo-
nary vein into the left atrium was studied in sequential developmental stages in human 
fetuses, neonates and adults.
In Chapter 5, multi-slice CT was used to create a structured method to identify the left 
atrial-pulmonary venous border. Furthermore, the feasibility of multi-slice CT for imaging 
of the left atrium and the pulmonary veins to provide a roadmap for RFCA of atrial fibril-
lation, is described.
In Chapter 6 a review of the history, technical requirements and the application of intra-
cardiac echocardiography in interventional electrophysiology, is provided.
Chapter 7 describes a method to identify the atrio-venous border and pulmonary venous 
anatomy using intracardiac echocardiography during RFCA targeted outside the ostia of 
the pulmonary veins. Furthermore, pre- and post procedural measurements of pulmonary 
venous ostia and of flow velocities in the pulmonary veins were performed for evalua-
tion of the occurrence of acute pulmonary vein stenosis and the eventual hemodynamic 
consequences.
In Chapter 8, a head-to-head comparison between multi-slice CT and intracardiac echo-
cardiography for imaging of the pulmonary veins is described.
In Chapter 9, variations in the anatomy of the coronary venous system were evaluated us-
ing multi-slice CT, and possible clinical implications of the results are described.
Finally, in Chapter 10 the occurrence and treatment of atrial arrhythmias originating from 
the mitral annulus-aortic junction is described, and a correlation is made with the develop-
ing cardiac conduction system in CCS-lacZ transgenic mice.
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Abstract

Introduction:
The occurrence of arrhythmias in adult patients may arise preferentially in 
anatomic regions derived from the specialized cardiac conduction system. To 
examine this hypothesis, we performed a detailed analysis of the developing 
cardiac conduction system using the recently described CCS-lacZ transgenic 
mouse strain.

Methods and Results:
Transgenic embryos (E9.5-15.5) were stained for β-galactosidase activity and  
co-stained with the myocardial marker HHF35. Results were 3-D-reconstructed. 
CCS-lacZ expression was observed in the sino-atrial node, left and right venous 
valves and septum spurium, in the right and left atrioventricular ring, His bundle, 
bundle branches and in the right ventricular moderator band. Furthermore, lacZ 
positive cells could be demonstrated for the first time in the left atrium, in the 
posterior wall surrounding the pulmonary venous orifice and, in later stages, 
surrounding the pulmonary venous wall. These cells were continuous with the left 
venous valve in the right atrium. LacZ positive tissue could also be identified in 
Bachmann’s bundle, running retro-aortically between right atrium and left atrium.

Conclusion:
Known arrhythmogenic areas including Bachmann’s bundle, the pulmonary veins 
and sinus venosus derived internodal structures demonstrate lacZ expression. 
These data support the hypothesis that areas derived from the developing cardiac 
conduction system may contribute to the arrhythmogenic substrate in adult 
hearts.
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Introduction

In recent years it has been demonstrated that a variety of different arrhythmias may be 
related to specific anatomical sites and substrates. The Wolf-Parkinson-White syndrome, 
due to an accessory AV-conduction pathway is the best-known example 1, but recent stud-
ies demonstrate that atrial fibrillation and ectopic atrial tachycardia also may originate 
from specific anatomical sites. From clinical mapping studies by Haïssaguerre et al. and 
others, it is clear that the initiation of atrial fibrillation is frequently related to ectopic atrial 
beats which may originate from the pulmonary veins (PV) 2, the ostia of the coronary si-
nus and of the caval veins 3 4, the terminal crest 5 6 and the interatrial bundle referred to as 
Bachmann’s bundle 7 may also play an important role in the initiation and perpetuation 
of atrial fibrillation. Since the presentation of these clinical mapping data, many studies 
have been performed to unravel the underlying anatomical structures and their relation-
ship with the developing myocardium 8-10. Sleeves of myocardium extending for different 
lengths along the PV may play an important role but the cause of the arrhythmogenicity of 
these sleeves remains to be clarified. 
Since the recognition that anatomical sites in the atria which do not belong to the mature 
cardiac conduction system (CCS) play an important role in arrhythmogenesis, research 
has been directed at the development of the CCS. Initially, histological characteristics were 
used to identify cells with specific conduction properties. This resulted in the ring theory, 
which proposes that the CCS originates from four rings of specialized tissue 11. During car-
diac development, parts of these rings lose their specialized character and the remaining 
parts are identified as putative components of the mature cardiac conduction system.
The use of immunohistochemical markers, such as GlN2 and HNK1, has facilitated the 
recognition of the developing CCS, although none of these markers is specific for conduc-
tion system only 12. The developing human CCS has been described based on findings of 
HNK1 staining 13. An embryonic origin of the sino-atrial node and the atrioventricular (AV) 
conduction system was demonstrated, as well as internodal tracts and a dual origin of the 
AV-node (overview in 14). Transient HNK1 staining was also observed in the myocardium 
surrounding the PV and in the coronary sinus, areas identified by electrical mapping to 
play an important role in the occurrence of some clinical arrhythmias 2 3. However, in order 
to link clinical arrhythmias to the development of the specific conduction system, a more 
specific delineation of the developing and mature CCS is necessary.
Recently the CCS-lacZ strain of transgenic mice was described 15. Using this line of mice, 
it was possible to accurately delineate the entire developing and mature CCS. Further-
more, optical mapping of areas with β-galactosidase activity demonstrated a correlation 
of CCS-lacZ expression with functional maps of electrical activity 15. However, until now, 
no direct relation between arrhythmogenic areas and the developing conduction system, 
and the possible impact in arrhythmogenesis, was made. Morphological patterning of the 
developing cardiac conduction system in the CCS-lacZ reporter mouse seems to coincide 
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largely with data in the recently described MinK-lacZ reporter mouse 16. There are, however, 
a number of differences which indicate that only partly common developmental pathways 
exist. Whereas the MinK-model refers to a known gene encoding a protein, the expression 
of which modulates function of the cardiac delayed rectifier potassium currents 17, the 
exact locus of the gene responsible for expression in the CCS-lacZ construct remains to be 
clarified. In published data of both models 15-18 there is no remark on expression in the area 
of the PV. The latter subject is of special interest because of the findings in human embryos 
in this area 13. The aim of the current study is to reconstruct the CCS during sequential 
developmental stages, with attention directed specifically at anatomical sites known to be 
related to the occurrence of arrhythmias, such as the PV, interatrial and internodal con-
nections.

Methods

The generation and initial characterization of the transgenic line of CCS-lacZ reporter mice 
and staining for β-galactosidase activity has been described 15. Procedures followed were 
in accordance with institutional and NIH guidelines concerning the use of animals.
Mouse embryos ranging from gestational age E 9,5-E 15,5 days post coitum (d.p.c.) were 
studied (the morning of the vaginal plug was designated as 0.5 d.p.c.).
Twenty-three embryos were fixed at room temperature in 5% phosphate buffered formalin 
solution and embedded in paraffin. The embryos were then transsected transversely (sec-
tion thickness 5 μm) and the sections were washed in phosphate buffered saline. Immuno-
histochemical staining was performed with the monoclonal anti-muscle actine α antibody 
HHF 35 (Dako M635; staining protocol described in 19) in order to produce a double 
staining with the CCS-lacZ reporter construct. Slices were counterstained with haematoxy-
lin. 
The slices were 3-D reconstructed to obtain optimal insight in the distribution of β-galac-
tosidase activity in the myocardium and their relationship to other intracardiac structures. 
Reconstruction was done using AMIRA™ software (Template Graphics Software, Inc. San 
Diego, California). AMIRA™ is an advanced software system for 3D visualization, data 
analysis and geometry reconstruction from microscopic images.
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Results

Stage�E�9,5�
At this stage looping of the primitive heart tube has started and the bulboventricular 
groove can be distinguished. There is no septation between atria and ventricles and septa-
tion of the outflow tract has not started yet. β-galactosidase activity is markedly present in 
the primary fold. LacZ positive tissue is observed in the complete AV canal. Already at this 
stage, the primitive pulmonary vein can be recognized in the dorsal mesocardium, but it 
lacks lacZ-expression at this stage. The lateral wall of the right part of the common atrium 
however demonstrates marked lacZ expression, whereas the posterior wall of the left part 
of the common atrium shows only minimal lacZ expression at this stage.

Stage�E�10,5�
At this stage, looping of the heart tube has progressed. Ventricular septation has started. 
The outflow tract is situated above the primitive right ventricle and the AV-canal above 
the primitive left ventricle (figure 1 a-f). Myocardial lacZ staining is observed in the proxi-
mal part of the outflow tract, but not in the distal outflow tract (figure 1a,d). As in the 
E 9.5 embryo, the transition between the primitive right ventricle (RV) and the future left 
ventricle is surrounded by a ring of β-galactosidase active cells, the primary fold (figure 
1e,f). Furthermore, lacZ expression is detected along the AV-canal (figure 1b,e,f). The AV 
cushion tissue does not show lacZ expression.
In the right part of the common atrium, the right venous valve and left venous valve can 
be recognized, which show strong lacZ expression. The valves encompass the ostia of the 
right and left cardinal veins. The primitive pulmonary vein can be distinguished in the 
dorsal mesocardium (figure 1 c,f). The dorsal myocardial wall of both the left and right 
components of the common atrium show lacZ expression with more prominent staining 
in the right component. Three-D reconstructions of findings in this stage with according 
sections are demonstrated in figure 1a-c.

Stage�E�11,5�
At this stage, septation of the common atrial chamber has occurred. No β-galactosidase 
staining is present in the primary atrial septum. As in the previous stage, the right atrial 
right and left venous valves can clearly be distinguished as two lacZ positive structures. The 
dorsal wall of the left atrium (LA) still demonstrates lacZ expression, which extends behind 
the posterior surface of the primitive pulmonary vein to become continuous with the left 
venous valve. LacZ positive cells can also be observed around the wall of the primitive pul-
monary vein at this stage, which was not the case in earlier stages. More cranially, the right 
and left venous valves fuse to form the septum spurium, which forms a band of lacZ posi-
tive tissue running anteriorly in the right atrium (RA) to a retro-aortic position. This band 
continues into the LA and merges with the ring of lacZ positive tissue surrounding the AV 
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Figure 1
3-D reconstructions (a-c) and transverse slices (d-f) of an E 10,5 embryo. LacZ negative myocardium, branchial 
arch arteries and cardinal veins are transparent. Color-codes: yellow: lumen of the common atrium and the 
primitive pulmonary vein (PPV); red: lumen of the common ventricle; Blue: CCS-lacZ positive myocardium. a. 
Anterior view. CCS-lacZ positive myocardium can be observed in the primary fold and outflow tract. b. Lateral 
view, demonstrating a ring of lacZ expression in the atrioventricular canal. c. Dorsal/oblique view, showing ex-
pression in the right and left venous valves in the right part of the atrium. The dorsal wall of the left part of the  
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canal, the so-called atrioventricular ring bundle (AVRB).	This anterior inter-atrial bundle 
probably is the primordium of Bachmann’s bundle. A separate structure is the retro-aortic 
root bundle, which runs around the aorta towards the right part of the ventricle to become 
continuous with the lacZ positive tissue representing the primary fold. More caudally, con-
necting to the posterior part of the AVRB (the site of the posterior AV node), lacZ expres-
sion is detected in the interventricular septum, (His bundle) and spreading in the ventricles 
(left and right bundle branches and Purkinje fibers). 
 
Stage�E�12,5
Progression of outflow tract septum formation leads to a pulmonary trunk that has an 
anterior position and an aorta that is situated dorsal from this structure. LacZ expression is 
in accordance with previous stages. In the RV lacZ positivity can be distinguished in the tra-
becula septomarginalis, extending across the lumen of the ventricle as the moderator band. 
The latter is in continuity by way of the lateral RV wall with the right side of the AVRB.

Stage�E�13,5�
Findings are still in accordance with the previous stage. LacZ staining of the left atrial 
dorsal wall is pronounced at this stage and marked CCS-lacZ expression is found in the 
myocardium surrounding the PV. The latter lacZ positive myocardium at this stage can be 
traced as a sleeve along the pulmonary vein towards the lung tissue (figure 2a,b).
The top of the interventricular septum is lacZ positive and staining extends into the area 
of both bundle branches. The distal ends of the trabeculae in both ventricles also demon-
strate β-galactosidase staining. 

Stage�E�14,5�
At this stage, atrial and ventricular septation has been completed. The primary atrial sep-
tum does not show lacZ positivity. As is the previous stages, the right and left venous valves 
are seen in the RA to be strongly lacZ positive (figure 3a,d). Also, the septum spurium 
is continuous with the interatrial bundle (Bachmann’s bundle). The coronary sinus wall 
does not show lacZ expression, but the myocardium surrounding the orifice is lacZ positive. 
As in the previous stage, the dorsal wall of the LA can be observed as a lacZ positive area 
(figure 3b,e) and the lacZ positive myocardium extends along the PV. The lacZ positive 
myocardium of the left atrial dorsal wall is connected with the left venous valve in the RA 
(figure 2 c-f).

 
common atrium surrounding the entrance of the PPV (arrow) also demonstrates lacZ expression. d. CCS-lacZ 
expression in the proximal portion of the outflow tract (OFT). e. Expression in the atrioventricular canal (AVC) 
and the primary fold (PF). f. The PPV (arrow) enters the atrium at the midline. Expression in the dorsal wall of 
the primitive left part of the atrium (LA) and in the fused venous valves in the primitive right part of the atrium 
(RA). Levels of sections of d, e and f are indicated by black bars in a, b and c.
VOS: ventricular outlet segment, VIS: ventricular inlet segment, DM: dorsal mesocardium. Bar is 100 μm.
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There is lack of lacZ expression in the newly formed right ventricular inflow tract. The AVRB 
however can still be distinguished. Staining is also present on top of the interventricular 
septum, extending towards both ventricles. The moderator band in the RV can be clearly 
distinguished as a lacZ positive band in this stage as well, extending towards the lateral wall 
of the RV (figure 3c,f). Thus a continuous lacZ positive connection is present from the right 
ventricular septum to the right AVRB. No lacZ expression is present in the distal outflow 
tract. Figure 3 a-c demonstrates 3-D reconstructions and corresponding histological sec-
tions of findings in this stage. 

Stage�E�15 
Findings in this stage are in accordance with those in previous stages, although staining 
becomes less marked, indicating regression of staining in older embryos. Staining of the 
left atrial dorsal wall and the myocardium surrounding the PV has markedly reduced at 
this stage. 

Figure 2
a. Transverse section of an E 13,5 embryo, at the level of the pulmonary vein (PV) which has a cuff of lacZ 
positive myocardial cells around its wall. The left atrial dorsal wall also demonstrates marked lacZ expression. 
b. Section just below the level of the PV in the same embryo. Staining in the left atrial dorsal wall (arrowhead) 
becomes continuous with the base of the left venous valve (LVV). c. Transverse section through the heart of an 
E 14,5 embryo, in a slightly different plane as compared to the E13,5 embryo, at the level of the entrance of the 
PV (arrowhead) in the left atrium. See figure e for detail, in which staining in the left atrial dorsal wall can be 
followed marginally to the base of the LVV (asterisk). d. Level below section c, coarsing through the coronary 
sinus (CS) in which the continuity of the CCS-lacZ expression between the left atrial dorsal wall and the base of 
the LVV (asterisk) is now more marked. See figure f for detail.
RA: right atrium, RV: right ventricle, LV: left ventricle, RVV: right venous valve, SP: septum primum,  
SS: septum spurium
Bar is 10 μm.
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Discussion

Atrial arrhythmias often originate from sinus venosus related tissue, like the terminal crest 
or the ostia of the veins in the RA 4 5 and in the pulmonary veins in the LA 2. Recently, sev-
eral studies have taken advantage of genetically engineered mouse models to visualize the 
formation of the specialized CCS, including the CCS-lacZ mouse described by Fishman and 
colleagues 15 18, as well as the minK-lacZ knockin mouse generated by Roden et al. 17 and 
analyzed during development by Evans et al. 16.
However the extent of reporter gene expression in the area of the pulmonary veins and 
surrounding the pulmonary venous wall, a pivotal area in later life for the origin of atrial 
arrhythmias, remains unclear. 
Debate continues concerning the exact origin of the PV and the corresponding entry area 
in the LA. Previous studies report a connection of the area of entrance of the PV with the 
sinus venosus area 13 20 21 though other investigators disputed this relation 22. In the current 
study, we concentrated on the area of the primitive PV, that was found to be delineated in 
the dorsal mesocardium. This primitive PV entered the common atrium at the midline and 
in later stages the entrance shifted towards the left atrium. At this venous entrance CCS-
lacZ positive myocardial cells were present in the left atrial dorsal wall. These lacZ positive 
cells were continuous with the left venous valve. Thus the entrance of the primitive pul-
monary vein in the LA was surrounded by a CCS-lacZ positive area, which was continuous 
with the sinus venosus area of the RA. These findings are consistent with findings in earlier 
studies in chicken 21, rat 23 and human 13 embryos, using the HNK1 epitope to delineate 
the CCS (overview in (14)), but are distinct from the MinK-lacZ model that does not show 
expression in the pulmonary venous area16 At later stages, lacZ positive cells were observed 
forming a sleeve around the PV. The first signs of these cells were observed in stage E 11,5 
and the most pronounced staining of the pulmonary venous myocardial wall appeared to 
occur in stage E 13,5. These findings correspond to the process of secondary myocardi-
alization of the heart tube 24. The presence of a myocardial sleeve of lacZ positive tissue at 

Figure 3
3-D reconstructions (a-c) and transverse sections (d-f) of an E 14,5 embryo. LacZ negative myocardium has 
been made transparent. Color-codes: orange: lumen of the right atrium; yellow: lumen of the left atrium; green: 
lumen of the right ventricle and the pulmonary trunk; red: lumen of the left ventricle and aorta; blue: CCS-lacZ 
positive myocardium. a. Dorso-lateral view. b. Anterior view. c. Posterior view. d. CCS-lacZ expression in right 
atrial internodal structures: The right venous valve (RVV) and the left venous valve (LVV) fuse anteriorly to form 
the septum spurium (SS). e. Section at the level of the pulmonary veins. The left atrial dorsal wall is lacZ positive 
(arrow). Bachmann’s bundle (BB) can be observed as an anterior atrial band of lacZ positive tissue, which runs 
retro-aortically between the right atrium (RA) and the left atrium (LA). f. Section at the level of the ventricles. 
The right ventricular (RV) moderator band (MB) shows marked lacZ expression.
Levels of sections of d, e and f are indicated by black bars in a, b and c. 
CS: coronary sinus, AS: atrial septum, Ao: aorta, PT: pulmonary trunk, LV: left ventricle
Bar is 10 μm.
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this site may be linked to the occurrence of atrial ectopic tachycardia or atrial fibrillation 
originating from sites within the PV 2. Distinctive electrophysiological properties from the 
atrial myocardium have been observed in the pulmonary veins 25 26 and recently the pres-
ence of specialized conduction cells was demonstrated morphologically in human PV of 
patients with atrial fibrillation 27.
As in the HNK1 study in human embryos 13, in the murine CCS-lacZ model, evidence was 
found that embryonic internodal structures connect the sino-atrial node with the AV-node. 
Furthermore, besides the well-known right AV-ring, we found a left AV-ring. Abundant lacZ 
expression was also observed in the primary fold. In contrast, the myocardial primary atri-
al septum does not express β-galactosidase activity, indicating that the septum is probably 
a secondary atrial myocardial structure and does not share the expression of the CCS-lacZ 
gene as found so markedly in the sinus venosus.
Another interesting finding in the CCS-lacZ model is that the coronary sinus wall per se 
does not show β-galactosidase staining, although the myocardium surrounding the os-
tium of this vein in the RA was lacZ positive. This result corresponds to the HNK-1 expres-
sion pattern in human embryos 13. 
An interesting structure with respect to the induction of atrial fibrillation is Bachmann’s 
bundle, a bundle of fibers connecting both atria 28 29. Positioned in the anterior atrial wall, 
this bundle passes retro-aortically crossing the interatrial septum from the RA to the LA. In 
our study we demonstrated that this bundle corresponds to a lacZ positive bundle, which 
connects to the septum spurium in the RA, and when traced caudally, to the AVRB. These 
findings may explain the importance of this structure in the genesis and/or perpetuation 
of arrhythmias 29. Distinctive electrophysiological properties in Bachmann’s bundle have 
been demonstrated in patients with atrial fibrillation 30. Node-like cells have been observed 
at this site in dogs 31. Besides the bundle of fibers running towards the LA, another retro-
aortic bundle (referred to as retro-aortic root bundle) was observed, which lies at the basis 
of the outflow tract and connects to the primary fold.
Data obtained in the CCS-lacZ reporter mouse match largely with data based on histologi-
cal examination of human embryos 11. In the latter study four myocardial rings with his-
tologic characteristics of primitive conduction tissue were observed, namely a sino-atrial, 
atrioventricular, bulboventricular and truncobulbar ring. LacZ positivity could be demon-
strated in corresponding areas in the CCS-lacZ model (Figure 4). These data match largely 
with the MinK-lacZ model 16. However, only the proximal and not the distal outflow tract 
shows lacZ expression in the CCS-lacZ mouse, which may be linked to the current finding of 
expansion of the anterior heart field 32. This poses a difference with the MinK-lacZ model, in 
which expression is observed more extensive throughout the outflow tract 16.	
The trigger for differentiation of primary cardiomyocytes into cells of the cardiac conduc-
tion system remains to be identified. Retroviral lineage studies in the chick have supported 
the theory that recruitment, rather than specification, of cardiomyocytes plays a major 
role in this process 33. It is unclear if this process of continual recruitment is also active in 
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Figure 4
Schematic representation of CCS-lacZ expression in the E 14,5 embryo. Upper panel: atrial level. Depicted in 
turquoise are the right venous valve (RVV) and left venous valve (LVV), which fuse anteriorly to form the septum 
spurium (SS). The latter connects to Bachmann’s bundle (BB), which runs in between the right atrium (RA) 
and the left atrium (LA) in a retro-aortic position. Bachmann’s bundle merges with the left atrioventricular ring 
bundle, which continues into the dorsal wall of the LA and pulmonary veins (PV). The LVV is continuous with 
the lacZ positive area surrounding the PV. The atrioventricular ring bundle is depicted in blue. Lower panel: 
ventricular level, demonstrating the ventriculo-arterial ring (upper dark blue ring), the primary fold (bulboven-
tricular ring, grey-blue) and the atrioventricular ring bundle (blue, as in upper panel).
SAN: sino-atrial node, ICV: inferior caval vein, SP: septum primum, aAVN: anterior atrioventricular node, 
pAVN: posterior atrioventricular node, FO: fossa ovalis, PT: pulmonary trunk, Ao: aorta, TO: tricuspid orifice, 
MO: mitral orifice, HB: His bundle, RBB: right bundle branch, LBB: left bundle branch, MB: moderator band, 
RV: right ventricle, LV: left ventricle
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mammalian CCS development. In this study we observed relatively late addition of CCS-
lacZ expressing cardiomyocytes to the pulmonary venous wall, but whether this represents 
additional recruitment or migration of cells into this region was not determined in our 
study.

Study limitations

A murine model was used to delineate the developing cardiac conduction system. Al-
though findings in murine embryos are not necessarily valid for the human heart, several 
mouse models are now generally accepted for study of the cardiac conduction system, 
being discussed in recent literature 34. Results of our study largely coincide with previously 
published data in human embryos 13, that guided our research in the mouse model. Elec-
trophysiological study in order to confirm the hypothesis that arrhythmogenesis at these 
sites is related to embryonic remnants/re-expression of embryonic phenotype, was not 
performed in these embryos. However, optical mapping has demonstrated a correlation 
of lacZ expression with functional maps of electrical activity 15. Although our hypothesis 
was not confirmed by electrophysiological mapping, recently emerging data of both elec-
trophysiological 26 25 35and morphological 27 studies point at the occurrence of specialized 
cells at several specific anatomical sites, such as the pulmonary veins. Further study is war-
ranted to link electrophysiological mapping data with specific anatomical embryological 
sites. 

Conclusion

Using the CCS-lacZ murine model, we demonstrated that sites related to the occurrence 
of clinically relevant cardiac arrhythmias correlate with cells positive for CCS-lacZ, indica-
tive of the developing specialized CCS. This supports the hypothesis that a developmental 
pathway utilized in the embryonic conduction system myocardium may correlate with 
areas of myocardium that are disturbed in adult atrial arrhythmias. To examine whether 
embryonic genes are re-expressed in pathological states would require the development of 
specific animal models. 
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Abstract

Atriofascicular accessory bundles with AV-node like conduction properties can 
sustain atrioventricular (AV) re-entrant tachycardia (Mahaim tachycardia). During 
early embryogenesis, the AV canal is situated above the primitive left ventricle (LV), 
and a right AV connection has not been achieved yet. We studied the formation 
of the right ventricular (RV) inflow tract in relation to the developing cardiac 
conduction system and hypothesized a morphological explanation for functional 
atriofascicular bypass tracts. Analysis of lacZ-expression during sequential stages 
of cardiogenesis was performed in CCS-lacZ transgenic mice (E 9,5-15,5). Embryos 
were stained for β-galactosidase activity and the myocardial marker HHF35. 
At early stages CCS-lacZ expression was observed in a ring surrounding the AV 
canal, which connected at the inner curvature to the primary fold. The first sign of 
formation of the (CCS-lacZ negative) RV inlet component was a groove in the CCS-
lacZ positive tissue of the primary fold. Outgrowth of the RV inlet tract resulted in 
division of the primary fold in a septal part, the trabecula septomarginalis and a 
lateral part, the moderator band, which extended laterally up to the right AV ring. 
Electrophysiological measurements in embryonic hearts (E 15,5) in which the right 
atrium (RA) and RV were isolated from the left atrium (LA) and LV supported the 
functionality of this AV-connection via the moderator band, by demonstrating 
sequential atrial and ventricular activation in both RA/RV and LA/LV preparations. 
In conclusion, our observations may provide a possible morphological and 
functional explanation for atriofascicular accessory pathways via the moderator 
band, underlying Mahaim tachycardia.
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Introduction
 
Atrioventricular (AV) re-entrant tachycardias are based on the presence of accessory myo-
cardial bundles connecting atrial and ventricular tissue, thus bypassing the insulating func-
tion of the AV-groove. An unique arrhythmia based on re-entry, is the so-called Mahaim 
tachycardia. In Mahaim tachycardia the accessory AV-pathway is formed by atriofascicu-
lar accessory fibers, which can sustain exclusively antidromic AV re-entrant tachycardias1. 
During Mahaim tachycardia, antegrade conduction occurs over an accessory pathway 
with AV-node like conduction properties. The proximal insertion of these fibers is localized 
to the lateral, anterolateral or posterolateral part of the tricuspid annulus; distally the 
fibers connect to the right ventricular free wall or the right bundle branch 1 2. The origin of 
Mahaim fibers and their functional characteristics (such as AV-node like conduction prop-
erties and, as recently reported, spontaneous automaticity 3) have not yet been explained. 
The precursors of the cardiac conduction system have been described as junctional rings 
of specialized myocardium based on histological criteria 4. It has been hypothesized that 
right-sided AV accessory bundles originate from embryologic remnants of the primitive 
ring of specialized tissue surrounding the orifice of the tricuspid valve during the early 
stages of the development of the conduction system 5. This hypothesis was supported by 
observations in human embryos using the HNK1 marker, which was found in the right, 
but not in the left, AV-ring. 6. However, these findings cannot explain the occurrence of 
Mahaim re-entrant tachycardias. 
Several transgenic mouse models have been used to study the developing cardiac conduc-
tion system 7 8. Results of these studies showed that the area stained by the markers used 
to delineate the embryonic cardiac conduction system is more extensive than the mature 
cardiac conduction system. In 2001, Rentschler et al. demonstrated the ability of the CCS-
lacZ transgenic mouse model to delineate the embryonic and mature cardiac conduction 
system 9. In this model not only the atrial, but also the ventricular components of the 
cardiac conduction system, showed β-galactoside staining. Interestingly, during further 
study, we found that anatomic regions derived from the developing specialized conduction 
system correlated with areas prone to arrhythmias later in life 10. 
During early embryogenesis, the AV canal is situated entirely above the primitive left ven-
tricle, and a right AV connection has not been achieved yet. We hypothesized that the 
outcome of the process of outgrowth of the right ventricular inflow tract and the remodel-
ling of the primary fold tissue may provide a developmental basis for the occurrence of 
functional Mahaim fibers. The development of the right ventricular inflow tract in relation 
to the developing cardiac conduction system in the CCS-lacZ strain of transgenic embryos, 
was therefore examined. Our analysis of this murine model suggests that Mahaim tachy-
cardias may be explained from a developmental morphological origin
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Methods

Morphological	Analysis
A transgenic strain of CCS-lacZ mice was used to investigate the formation of the right 
ventricular inflow tract in relation to the developing cardiac conduction system. The gen-
eration of a stable transgenic line of CCS-lacZ reporter mice and staining for β-galactosi-
dase activity has been described 9. Twenty-three murine embryos ranging from gestational 
age E 9,5-E 15,5 days post coitum (d.p.c.) were studied (the morning of the vaginal plug 
was designated as 0.5 d.p.c.). Embryos were fixed at room temperature in 5% phosphate 
buffered formalin solution and embedded in paraffin. The embryos were then transsected 
transversely (5 μm) and the sections were washed in phosphate buffered saline. Alter-
nate sections were co-stained with the monoclonal anti-muscle actine α antibody HHF 35 
(Dako M635; staining protocol described in 11) in order to produce a double staining with 
the CCS-lacZ reporter construct. Slices were counterstained with haematoxylin and exam-
ined using light microscopy. Procedures followed were in accordance with institutional 
guidelines.
The slices were 3-D reconstructed to obtain optimal insight in the distribution of β-galac-
tosidase activity in the myocardium and their relationship to other intracardiac structures. 
Reconstruction was done using AMIRA™ software (Template Graphics Software, Inc. San 
Diego, California). AMIRA™ is an advanced software system for 3D visualization, data 
analysis and geometry reconstruction from microscopic images.

Electrophysiological	Measurements
A total of 8 embryo’s with a gestational age of 15.5 d.p.c. were used for electrophysiologi-
cal measurements. Two wild type-Swiss pregnant mice were sacrificed by cervical disloca-
tion, the uterus was removed and placed in a heated 0.9% NaCl solution (37°C). Hearts 
were dissected from the embryos and a cut was made to isolate the RA to RV continuity 
over the lateral right atrioventricular junction. The RV section included the apical part of 
the ventricle with the insertion of the crossing moderator band. This specimen did not 
contain any parts of the atrioventricular node/bundle tissue, ensuring that possible con-
duction could only take place by way of a myocardial connection over the right atrioven-
tricular junction. The left specimen contained the complete LA and LV but also the atrial 
septum and the main part of the ventricular septum as well as both great arteries. The 
atrioventricular node, bundle of His and right and left bundle branches were also part of 
this specimen. Both preparations were simultaneously placed in the same tissue bath con-
taining heated (±30-32°C) oxygenated (95% O2 and 5% CO2) Tyrode’s solution containing 
Na+ 150, K+ 5.6, Ca2+ 1.5, Mg2+ 0.6, H2PO4

– 1.2, Cl– 132,4, SO4
2– 0.6, HCO3

– 25, glucose 
5 and pyruvate 5 mmol/l. A fixed reference electrode was placed in the tissue bath and 
simultaneous electrogram recordings from the right and left atrial and ventricular surfaces 
were performed by metal unipolar microelectrodes (TM33BKT 1-2MΩ, World Precision 
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Instruments, Inc. Sarasota, FL, U.S.A.). Electrodes were positioned at the free wall of each 
cardiac chamber assuring no contact with the AV-ring. Signals were fed into an amplifier 
(ISO-DAM8A, World Precision Instruments, Inc, Sarasota, FL, U.SA.), filtered (typically 
between 1 and 500Hz) and written on paper with a speed of 25-100mm/s (Graphtec 
MARK 12 DMS 1000, Western Graphtec, Irvine, CA, USA). If no spontaneous activity was 
present, preparations were stimulated in the atrium and/or ventricle using a monophasic 
stimulus, with a width of 2ms and a strength of 2 times the diastolic threshold. The experi-
ments were performed under a microscope allowing visual confirmation between electrical 
and mechanical activity (contraction) of atria and ventricles.

Results

Morphological data

E	9,5	and	E	10,5
In the earliest stages studied, cardiac septation has not yet commenced. The atrial myocar-
dium is continuous with the myocardium of the ventricles via the atrioventricular canal. At 
these early unseptated stages, the AV-canal is still situated above the primitive left ventricle 
and the outflow tract is situated above the primitive right ventricle. A ring of CCS-lacZ 
positive myocardium surrounding the entire AV-canal is present. In the inner curvature of 

Figure 1 
Transverse section of an embryo at embryological day 10.5. At this early unseptated stage there is myocardial 
continuity at the AV canal (AVC). The AV canal is still situated above the left part of the primitive ventricle. 
The CCS-lacZ positive myocardium lining the AV canal is continuous with the primary fold (PF) at the inner 
curvature of the heart. HHF35 staining. Bar is 100 μm. LA: primitive left atrium, LV: primitive left ventricle, RA: 
primitive right atrium, RV: primitive right ventricle. 
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Figure 2
Transverse sections from an E 11.5 embryo (a) and an E 12.5 embryo (b-d). (a) A myocardial groove precedes 
the formation of the right ventricular inflow tract. This groove is embedded in the tissue of the primary fold (ar-
row). (b) At stage E 12.5 the groove has widened (arrow). Haematoxilin staining. Bar is 100 μm. (c) 3-D recon-
struction of sections of the E12.5 embryo, dorsal view. The different cardiac compartments are color-encoded. 
The lumina of the right and left atrium are represented by orange and yellow respectively, the lumina of the 
right and left ventricle are depicted in green and red respectively. Blue depicts the areas positive for β-galacto-
sidase staining. The level of section b is indicated by the black bar. The asterisk corresponds to the asterisk in 
the dorsal wall of the section demonstrated in b. (d) Level of the section demonstrated in figure 3b, frontal 
view, demonstrating the myocardial groove (arrow). The myocardium and lumina have been made transparent, 
thus demonstrating only CCS-lacZ expression. LA: left atrium, LV: left ventricle, OFR: outflow tract ridges, RA: 
right atrium, RV: right ventricle.

Figure 3
Transverse sections and 3-D reconstructions of an E14.5 embryo. (a and b (20 μm lower than a)) CCS-lacZ 
expression is present surrounding both the tricuspid valve (TV) and mitral valve (MV). On the right side, expres-
sion becomes continuous with lacZ staining in the right ventricle (asterisks). (c) Due to outgrowth of the right 
ventricular inflow tract, a CCS-lacZ negative area of compact myocardium can be observed at the posterior wall 
of the right ventricle (arrow). (d) Division of the primary fold tissue has resulted in formation of the moderator 
band (arrow), that crosses the right ventricle (arrow) and becomes continues with the right AV ring. HHF35 
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and haematoxilin staining. Bar is 200 μm. (e) 3-D reconstruction of sections of the same embryo, dorsal view. 
The posterior area, caudal of the tricuspid valve consists of compact CCS-lacZ negative myocardium, as is 
indicated by the lack of blue staining at this side (arrow). The different cardiac compartments are color-coded 
as described in the legend of Figure 3. (f) 3-D reconstruction of sections of the same embryo, frontal view. 
The moderator band is indicated by the arrow. Levels of sections of a-d are indicated by black bars in e and f. 
Color-codes as described in the legend of Figure 3. LV: left ventricle, RV: right ventricle.
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the heart, this ring of tissue connects to another lacZ positive ring, the primary fold, as is 
demonstrated in Figure 1. The primary fold demarcates the border between the ventricular 
inlet segment of the heart, the primitive left ventricle and the ventricular outlet segment of 
the heart, the primitive right ventricle. 

E	11.5	and	12.5	
At stage E 11.5, atrial and ventricular septation have been initiated, but not completed. 
The ventricles connect through the primary interventricular foramen. As in the previous 
stages, the myocardium surrounding the AV-canal stains positive for CCS-lacZ and there 
is continuity of the atrial myocardium with the ventricular myocardium via the AV-canal. 
The AV canal is still situated mainly above the primitive left ventricle and connects at the 
inner curvature to the CCS-lacZ positive tissue of the primary fold. However, at stage 11.5 
a myocardial groove towards the right ventricle is formed. This groove, which precedes the 
formation of the tricuspid valve, is embedded in the CCS-lacZ positive tissue of the primary 
fold, as demonstrated in Figure 2a (arrow). At stage E 12.5 the groove has widened, 
leading into the primitive right ventricle, as demonstrated in Figure 2b (arrow). Figure 2c 
shows a dorsal view of a 3-D reconstruction of the same E 12.5 embryo. Figure 2d dem-
onstrates the level of section of Figure 2b on a ventral view of the 3-D reconstruction, in 
which the CCS-lacZ negative structures have been rendered transparent, demonstrating the 
myocardial groove in the CCS-lacZ positive myocardium.

E	13.5	and	14.5	
Septation has progressed and at stage 14.5 ventricular septation has been completed. At 
these stages atrioventricular valves can be distinguished. The CCS-lacZ positive atrioven-
tricular ring bundle remains visible in these stages and surrounds both the tricuspid and 
mitral valves (Figure 3a). On the right side, CCS-lacZ positive tissue of the AV ring becomes 
continuous with lacZ staining in the right ventricle (Figure 3b).The atrioventricular sulcus 
tissue has not fused with the atrioventricular cushion tissue yet and therefore no fibrous 
tissue is present in the primitive AV-canal. Consequently, the atrial myocardium is still 
continuous with the ventricular myocardium at this stage.
The right ventricular inflow tract has further expanded at these stages, as is demonstrated 
by the outgrowth of myocardium in the right ventricular dorsal wall. This has resulted in 
a shift of the right side of the AV canal, to become positioned above the primitive right 
ventricle. The newly formed myocardium of the right ventricular inflow tract, which is 
wedged in between the tissue of the primary fold, does not express CCS-lacZ (Figure 3c 
and 3e, arrows). This outgrowth of the right ventricular inflow tract results in a division 
of the primary fold tissue into two branches. Thus the primary fold is now divided into a 
septal part, the trabecula septomarginalis, and a lateral part, the moderator band, that 
transverses the lumen of the right ventricle, as is demonstrated in Figure 3d and 3f and 
Figure 4 for stage E 14.5 and E 13.5, respectively. The trabecula septomarginalis, which 
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contains the right bundle branch, represents the border between the inlet septum and the 
trabeculated septum of the muscular ventricular septum. The trabecula septomarginalis is 
connected to the moderator band, which runs via the apex of the right ventricle up to the 
right ventricular lateral wall and, more cranially, to the right side of the AVRB (Figure 3b, 
d , f, 4: see arrows).

E	15.5	
At stage E15.5, CCS-lacZ positive myocardium, although less marked than in previous 
stages, can still be distinguished at the AV junction. Strands of fibrous tissue are now 
observed at the AV junction, but myocardial continuity between atria and ventricles is still 
present, as demonstrated by the presence of CCS-lacZ positive myocardium at the AV junc-
tion (data not shown).
As in the previous stages, the right ventricular moderator band can be distinguished as 
a lacZ positive structure connecting via the apex of the right ventricle to the right part 
of the AV junction. The right ventricular inflow tract is still recognizable as lacZ negative  
myocardium in the right ventricular dorsal wall. Thus at this stage, a lacZ positive con-
nection between atrial and ventricular tissue, other than the AV node connection, is still 
present.

Figure 4
E 13,5. At stage 13.5 the right ventricular inlet tract has further developed by expansion of the myocardium in 
the posterior part of the inner curvature. This addition of myocardium has resulted in a division of primary fold 
tissue. The lateral part of the primary fold tissue is formed by the moderator band (MB, arrow). HHF-35 stain-
ing. Bar is 200 μm. CS: coronary sinus, LA: left atrium, LV: left ventricle, PV: pulmonary vein, RA: right atrium, 
RV: right ventricle. 
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Electrophysiological Measurements

As mentioned, by cutting the heart we aimed to include the AV-node in the LA/LV prepara-
tion and the apical part of the ventricular septum (containing the insertion of the modera-
tor band) in the RA/RV preparation. In the first 5 preparations only an electrical connec-
tion between the LA/LV was present. By including increasingly more of the apical septum 
in the RA/RV preparation, the preparation from the 6th embryo showed only an electrical 
connection between the RA and RV chambers and not between the LA and LV. However, 
in preparations from the 7th and 8th embryo’s a sequential electrical and mechanical 
activation of atria and ventricles was observed in both RA/RV and LA/LV preparations. 
As can be seen from Figure 5 (embryo #8) slow but spontaneous and sequential activity 
was present in the RA and RV (Figure 5a). Although no spontaneous activity was present 
in the LA/LV preparation, pacing the LV clearly resulted in retrograde 2:1 conduction (1:1 
LV capture was visually confirmed by contraction of the LV). Figure 5b and 5c show the 
whole mount (b) and the section (c) of the same embryo #8 as in Figure 5a. The specimen 
was cut as described in the Methods section, demonstrating that the isolated RA and RV 
were only myocardially connected at the lateral AV-junction. Study of sections of both 
the LA/LV specimen and the RA/RV specimen showed that fibrous tissue was starting to 
dissociate the atria from the ventricles (not shown). In the RA/RV specimen depicted, the 
myocardial connection was only clearly discernable over a distance of 9 sections (45 μm). 
This implicates that conduction of the electrical impulse could only have travelled over this 
connection, along the free wall of the RA to the RV.

Figure 5
Four tracings showing simultaneously recorded electrograms from the isolated RA/ RV and the LA/LV prepara-
tions (embryo #8) (a). As can be seen in the upper two panels spontaneous and slow activity (cycle length 
1560ms) was present in the RA 60ms later followed by RV activation. Although no spontaneous activity was 
present in the LA/LV preparation (lower two tracings), pacing the LV at a rate of 50 beats per minute (interval 
1200 ms) resulted in 2:1 retrograde conduction and activation of the LA (1:1 ventricular capture was visually 
confirmed by contraction of the LV).
(b) The RA-RV preparation (same embryo as in panel a) showing that the isolated RA and RV were only 
myocardially connected at the free wall. c. Longitudinal section of the specimen depicted in (b) stained with 
anti-muscle actin (HHF35) showing myocardial connection of the RA to the RV (arrow). This implicates that 
AV conduction as illustrated in panel (a) can only have occurred across the free wall of the RA to the RV. Bar is 
100 μm. AVJ: atrioventricular junction, LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle,  
TV tricuspid valve.
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Discussion

It is well established that AV-accessory pathways can be composed of abnormal fibers, 
which bypass the insulating AV groove. Furthermore, histological studies have demon-
strated that atrioventricular connections can be composed of specialised myocardium 12. 
Electrophysiological studies demonstrated that atriofascicular fibers as present in patients 
with Mahaim tachycardias display properties very similar to that of the AV node 13 and 
the presence of AV-node like cells in Mahaim pathways has been reported 14. Figure 6a 
demonstrates a schematic drawing of the cardiac conduction system with a Mahaim fiber. 
Figures 6b-c show surface ECG and intracardiac recordings in a patient with Mahaim 
tachycardia. The potential presence of AV-nodal-like cells in these pathways is supported 
by the occurrence of spontaneous automaticity in Mahaim fibers, as reported recently 3. 
However, the mechanism whereby nodal cells, possibly underlying the frequency depen-
dent propagation of these tracts, may be present at this site, remains unclear. In the cur-
rent study, we examined the developing cardiac conduction system in the CCS-lacZ mouse, 
in order to provide a possible explanation for the occurrence of functional atriofascicular 
bypass tracts causing Mahaim AV-re-entrant tachycardias. Mahaim-fibers, mostly atriofas-
cicular fibers, connect proximally to the lateral right atrium or right AV junction and insert 
distally in the right bundle branch or right ventricular free wall 1 15. As mentioned above, 
the conduction properties of these fibers have been attributed to AV-node-like specific 
conduction tissue in the proximal part of these fibers, while the distal part inserts in the 
right bundle branch 5 15. Thus far, no developmental model of the cardiac conduction sys-
tem has been able to demonstrate the presence of a connection of the right bundle branch 
with the right AV ring. The explanation of the presence of a lacZ positive moderator band 
as a primary fold derived structure requires understanding of formation of the right ven-
tricular inflow tract. In early embryological stages the primary fold delineates the border 
between the primitive left and right ventricle. During outgrowth of the right ventricle the 
primary fold follows a process of division and growth (summarized in 16). Newly formed, 
CCS-lacZ negative, myocardium will form the dorsal inflow portion of the right ventricle, 
laterally demarcated by the moderator band. Medially, the inflow septum and the crista 
supraventricularis of the muscular ventricular septum are derived from the primary fold, 
with the trabecula septomarginalis (which contains the right bundle branch) as a border 
structure between the inlet septum and the trabeculated part of the muscular septum. In 
the current study, the CCS-lacZ positive right ventricular moderator band could be traced 
from the trabecula septomarginalis via the apex of the right ventricle all the way up to the 
lateral wall of the right ventricle. This band connected with the right atrioventricular ring, 
thus providing a direct connection with the right ventricular apex, supplying a potential 
pathway for re-entry, as seen in Mahaim tachycardia. These data are supported by obser-
vations in the MinK-lacZ knockout murine embryo 7. The formation of the right ventricular 
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Figure 6
(a) Mahaim fibers (MF) consist of atriofascicular fibers, which can possess AV-node like conduction properties. 
The proximal insertion of these fibers is localized to the lateral, anterolateral or posterolateral part of the 
tricuspid annulus; distal insertion is to the right ventricular free wall or the right bundle branch (RBB). The 
arrows indicate the direction of conduction over the Mahaim fiber.
(b) Surface ECG during Mahaim tachycardia, showing an antidromic tachycardia.
(c) Intracardiac recordings during rapid atrial pacing. Arrows point at the Mahaim-potential. a: atrial signal, 
m; Mahaim potential, v; ventricular signal.
AVN: atrioventricular node, LBB, left bundle bundle branch, SN: sinus node. 
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Figure 7
Schematic summary of the process of formation of the right ventricular inflow tract and remodeling of the pri-
mary ring in sequential stages of development. (a) Unseptated heart. The primary fold is depicted by the pink 
ring of tissue at the border between ventricular inlet segment (VIS) and the ventricular outlet segment (VOS) of 
the heart. The CCS-lacZ positive myocardium of the AV canal (AVC) is depicted by the blue ring. Both rings con-
nect at the inner curvature of the heart. (b) The first sign of the formation of a right AV connection is observed 
as the formation of a slit-like myocardial groove in the CCS-lacZ positive tissue of the primary fold. (c) During 
further outgrowth of the right ventricular inflow tract, the tissue of the primary fold is pulled towards the AV 
junction and surrounds the right part of the AV canal. The rapid outgrowth of the right ventricular inflow tract 
results in a division of the primary fold tissue. (d) The addition of newly formed, CCS-lacZ negative myocardium 
to the right ventricular inflow tract, which is wedged in between the CCS-lacZ positive tissue of the primary 
fold, results in further division of the primary fold tissue. The primary fold now consists of a medial part, the 
trabecula septomarginalis, and a lateral part, the moderator band (MB). The outgrowth of the right ventricular 
inflow tracts further pulls the primary fold tissue around the right side of the AV canal. The moderator band 
connects medially to the trabecula septomarginalis, which contains the right bundle branch (RBB). Laterally, 
the moderator band runs via the apex and then the lateral wall of the right ventricle (RV) up to connect to the 
right side of the AVRB.
Ao: aorta, HB: His bundle, LA: left atrium, LBB: left bundle branch, LV: left ventricle, MO: mitral orifice, OFT: 
outflow tract, PT: pulmonary trunk, RA: right atrium, TO: tricuspid orifice.
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moderator band in relation to the development of the right ventricular inflow tract and the 
cardiac conduction system is summarized schematically in Figure 7. 
In order to electrically insulate the atria from the ventricles, continuity of the annulus fi-
brosus is important. In the stages we examined, the development of the fibrous skeleton of 
the atrioventricular junction had not been completed. However, a mature electrical activa-
tion pattern, with a delay between the atrial and ventricular signal on the ECG, is already 
present around the time that ventricular septation is completed. This suggests that there 
is already a functional insulation between atria and ventricles 17, which was confirmed in 
6 out of 8 embryo’s showing AV-conduction in only one of the RA/RV or LA/LV prepara-
tions. However, in the other 2 embryo’s conduction from the atrium to the ventricle and/
or vice versa could be demonstrated in both RA/RV and LA/LV preparations indicating 
that next to conduction over the AV-node a second functional AV-connection was present. 
Although we did not perform high resolution mapping to show that conduction indeed 
occurred over the lateral AV ring and the moderator band to the right bundle branch, the 
data presented in Figure 5 indicate that, at this developmental stage, a functional acces-
sory connection running from the right atrial free wall to the right ventricle was present. 
Interestingly, the location of this accessory connection is similar to the most common lo-
cation of a so called Mahaim fiber in patients. The existence of accessory AV-bundles with 
conductive capacities bypassing the insulating annulus, may produce re-entrant tachycar-
dias, as is the case in the WPW-syndrome. It has been suggested that remnants of embry-
onic atrial conduction tissue may serve as AV- bypass tracts 5. Using the epitope HNK1, the 
presence of a right, but not a left, AV ring was demonstrated in human embryos 6;18. In the 
CCS-lacZ reporter mouse, both the right and the left AV ring demonstrate β-galactosidase 
staining. It has been reported that AV junctional cells surrounding both the tricuspid and 
mitral annuli resemble nodal cells in their cellular electrophysiology 19. Interestingly, recent 
reports also describe the occurrence of atrial tachycardia originating from the mitral and 
tricuspid annulus 20 21. 
The exact mechanism of why Mahaim tracts may become or remain functional is not clear. 
Several mechanisms can be hypothesized to be responsible for the occurrence of func-
tional accessory pathways, such as failure of regression of embryonic conduction tissue, 
failure of apoptosis or re-expression of the embryonic phenotype. Indeed, several studies 
have reported the occurrence of specialized tissue in bypass tracts and demonstrated the 
presence of myocardial cells running through the fibrous insulating AV tissue 12 22. The fre-
quent occurrence of Mahaim tachycardia and WPW-syndrome in patients with Ebstein’s 
anomaly 1, may relate to the persistence of embryological functional bypass tracts during 
an abnormal development of the right AV junction, or renewed differentiation of cardio-
myocytes at these sites, as described in the WPW-model of Patel et al. 23. Apoptosis, which 
under normal circumstances occurs postnatally in the right ventricle, may play a crucial 
role in peri/postnatal morphogenesis 24. Apoptosis can also involve the human cardiac 
conduction system and failure of apoptotic morphogenesis may result in the persistence 
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of embryonic conduction tissue 25 26. The role of genetic re-expression (a well known-mech-
anism in the genesis of hypertrophic cardiomyopathy 27), or activation of the embryonic 
gene program in the persistence of expression of these functional bypass tracts warrants 
further investigation. 
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Abstract

During embryonic development the common pulmonary vein (PV) becomes 
incorporated into the left atrium giving rise to separate PV ostia. We describe 
the consequences of this incorporation process for the histology of the left 
atrium and the possible clinical implications. The histology of the left atrial (LA) 
wall in relation to PV incorporation was studied immunohistochemically in 16 
human embryos and fetuses, one neonate and 5 adults. The PV wall, surrounded 
by extrapericardially differentiated myocardial cells, incorporated into the LA 
body. After incorporation, the composition of PVs and smooth-walled LA body 
wall was histologically identical. The LA appendage however, consisted of an 
endocardial and myocardial layer without a vessel wall component. In 2 adults 
the myocardium in the LA posterior wall was absent. At the transition of the LA 
body and the LA appendage, a smooth-walled myocardial zone lacking the venous 
wall was observed. This zone was histologically identical to the sinus venarum of 
the right atrium. In conclusion, the LA body arises by incorporation and growth 
of the PVs, presenting with a histologically identical structure of vessel wall 
covered by extrapericardially differentiated myocardium of the PVs. Discontinuity 
of myocardium may be the substrate for arrhythmias, whereas absence of 
myocardium in some individuals makes this area potentially vulnerable to damage 
inflicted by ablation strategies. A borderzone between the LA body and the LA 
appendage is hypothesized to be the left part of the embryonic sinus venosus.
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Introduction

During development, the common PV becomes myocardialised whereafter it is incorporat-
ed into the posterior LA wall giving rise to separate PV orifices1. The degree of incorporation 
is variable between individuals and only about 75% to 80% of individuals possess 4 discrete 
PV orifices2 3. Though the development and incorporation of the PVs has been studied and 
several histological studies of the left atrium and the PVs have been performed, until now, 
there are no extensive reports that emphasize the histological result of PV incorporation in 
the left atrium in subsequent stages in the human. It seems logical to expect characteristic 
venous wall tissue, consisting of an intima, media with elastin and smooth muscle cells 
(SMCs) in the LA after the incorporation process, but no histological veno-atrial border 
has been described in the literature. In the cardiology cathlab this atriovenous border and 
the structure of the LA and the PV have gained interest in recent years, in relation to the 
treatment of atrial fibrillation originating from the PV4. Ablation strategies, aimed at elec-
trical isolation of the PV from the LA are often targeted at the left atrial tissue just outside 
the atriovenous junction to avoid the occurrence of PV stenosis by damaging the vulner-
able PV vessel wall5. The present study investigates the histological outcome of the incor-
poration process of the PVs in the LA during subsequent stages of development.

Methods 

Normal hearts of 16 human embryos and fetuses, 1 neonate and 5 adults were studied. 
The embryos and fetuses, obtained by legal or spontaneous abortion, ranged from 7 to 22 
weeks (crown-rump lengths from 19 to 170 mm). The studies were approved by the local 
medical-ethical committee. The neonate had died during delivery as a result of asphyxia. 
Adult hearts were obtained from human bodies used in anatomy teaching lessons. The 
cause of death was unknown due to privacy regulations. Preservation of the bodies was 
performed by injection of embalming fluid in the femoral artery, consisting of 36% formal-
dehyde with a mixture of ethanol, glycerine, phenol, K2SO4, Na2SO4, NaHCO3 and Na2SO3. 
The fetal and neonatal specimens were fixed in a 4% paraformaldehyde in 0.1M phosphate 
buffer (pH 7.2). 

Samples/sectioning�of�material.� Embryonic hearts were embedded in paraffin and serially 
sectioned transversely (5-10 µm). From the neonatal and adult hearts, cross-sectional 
samples were taken from all PVs, the posterior and anterior LA wall, and the LA append-
age. Samples taken from the posterior and anterior right atrial wall and the right atrial 
appendage served as reference. Samples were embedded in paraffin and sectioned (5 μm) 
using a Leica microtome. Sections were mounted onto slides using chicken albumine dis-
solved in glycerine (1:1) and dried at 37º C for at least 24 hours.
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Figure 1
Sections of a 54 days old human embryo stained with HHF35 for muscle actins (a; actin), alpha-smooth 
muscle actin (b,e; SM actin), atrial myosin light chain (c,d,f; MLC), showing the differentiation of the PVs and 
their entrance in the left atrial body (LAB). a. Four pulmonary veins (arrows) drain via one common pulmonary 
vein (CPV) into the LAB. The wall of both intra- and extrapulmonary PVs consists of 1-3 layers of SMC (b), 
while an additional layer of actin and MLC positive myocardium (Myo) only encircles the extrapulmonary part 
of the vessel wall (c-f). Consecutive sections in c, d and e demonstrate that part of the MLC-positive myocar-
dial cells surrounding the SMC of the PVs (Myo) are also 1A4-positive, which is related to early differentiating 
myocardial cells 21. Beneath these myocardial cells a real SMC layer develops (e; arrow head). Bronchus (B), 
Intra/extrapulmonary borderline (·····), lung (Lu), left venous valve (LVV), lung hilum (LH), mitral valve (MV), 
pericardial cavity (P), right atrium (RA), right venous valve (RVV), septum primum (S1). Scale bar = 200 µM in 
a,c; 100 µM in b,d-f.
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Staining.� Standard histological stainings were performed with Haematoxilin-Eosin (HE), 
Elastic Von Gieson (EvG) or elastic Resorcin-Fuchsin (RF) to detect elastic filaments, and 
Sirius Red to demonstrate collagen fibers6. Furthermore, sections were stained immuno-
histochemically with the pan-muscle actin antibody HHF35 (1:500, Dako, M0635), to 
study myocardial structure, 1A4 (1:3000, Sigma Aldrich, Product No. A2547) against al-
pha-smooth muscle (SM) actin, and an antibody against atrial myosin light chain (MLC2a, 
1:2000, a generous gift of Steve Kubalak), specific for atrial myocardium. Staining proce-
dures were performed as described previously7 8.

Results

Embryonic�stage:�Seven	to	7.5	weeks	of	gestation,	crown-rump	length	19	to	24	mm:	Proximal to the 
heart, 4 PVs drained via a common PV into the smooth-walled segment of the LA (figure 
1a), also called the LA body, that could already be distinguished from the trabeculated LA 
appendage. The wall of both the intra- and extrapulmonary parts of the veins consisted 
of 1-3 layers of alpha-SM actin expressing SMCs around the endothelium (figure 1b,e). 
The extrapulmonary part of the PVs being continuous with the dorsal wall of the LA were 
encircled by an additional layer of MLC-positive myocardial cells (figure 1c,d). In the wall 
of the intrapulmonary part of the veins myocardial cells were absent (figure 1f). The left 
atrial wall does not express smooth muscle cell actin at this stage.

Fetal�stages:�Ten	to	22	weeks’	gestation,	crown-rump	length	42	to	170	mm:	As incorporation of 
the common PV had progressed, in all but 2 fetuses there were 2 separate right pulmonary 
venous orifices, while 2 left PVs drained via one common left PV into the LA. At 16 weeks, 
in 2 fetuses (out of 5) four separate PV ostia were observed. From the lung hilum to the 
heart, the PVs were completely covered by myocardium. Subendothelially, the wall of the 
PVs consisted of 1-3 layers of SMCs embedded within a collagenous matrix (figure 2a-c). 
This layer extended from the intrapulmonary veins to the smooth-walled LA body (figure 
2d,e). A thin layer of collagen was also found in the LA appendage, atrial septum and 
in the complete right atrium, but no SMCs were observed (figure 2f-k). The myocardial 
layer around the PVs had thickened as well as the subendothelial collagenous vessel wall 
with SMCs in the PVs and the LA body. The presence of vascular SMCs in the heart was 
restricted to the LA body. At 21 weeks, the first indication of elastic fiber formation was 
observed within this layer (figure 2l).

Neonatal�stage:�Pulmonary	veins	and	left	atrial	body:	As in previous stages there were 2 separate 
right PV ostia and one common left PV ostium. At the transition of the PV ostia and LA 
body no histological veno-atrial demarcation was found (figure 3a,b). In both the PVs and 
the LA body the following layers could be distinguished: an inner venous vessel wall with an 
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endothelium, several medial layers of SMCs with longitudinally oriented elastic fibers, and 
an adventitial layer with randomly distributed elastic fibers with fibroblasts and vasa vaso-
rum. These vessel wall structures were covered by a myocardial layer and an epicardium on 
the outside (figure 3a-d).
Left	atrial	appendage:	In the trabeculated LA appendage the inner surface consisted of an 
endocardium with a thin subendocardial sheet consisting of well-organized collagen and 
elastic fibers, but without well-organized layers of alpha-SM actin positive cells. Only a 
few scattered actin positive cells were found. Characteristic vessel wall layers as seen in the 
body of the atrium, were lacking (figure 3e,f). At the outer side, a thick layer of myocar-
dium covered by an epicardium was present.
Right	atrium:	The right atrial body or sinus venarum consisted of smooth-walled myocar-
dium. The inner side of the wall near the systemic veins consisted of one layer of SMCs. 
This layer did not represent a proper tunica media as seen in the systemic veins which had 
a well organised vessel wall with five layers of SMCs. At the junction of the terminal crest 
with the right atrial body, this smooth muscle layer disappeared (figure 3g). Within the 
trabeculated right atrial appendage, only scattered subendocardial SMCs were observed 
(figure 3h).

Adult�stage:�Pulmonary	veins	and	left	atrial	body:	The PVs of 4 adult hearts had discrete PV ori-
fices. In one heart a common left PV orifice was still present. In 2 hearts, an early branch-
ing pattern of the right inferior PV was observed. The outer side of the wall of the LA body 
consisted of a non-trabeculated myocardial layer. Around the outside of the PVs this myo-
cardium formed a circular or spirally arranged muscular sleeve. The sleeves tended to be 
thicker and more complete near the junction with the posterior LA body, but tapered more 
distally. In the PVs, a characteristic vessel wall was found consisting of an intimal layer 
and a medial layer with SMCs (figure 4a). In the wall of the entire LA body, in addition 
to the outer myocardial layer, a prominent vessel wall layer being continuous with the PV 
vessel wall was present (figure 4b). In between the media and myocardium an adventitial 
layer with fibroblasts (not expressing SM actin) was found (figure 4a,b). In contrast to the 
neonatal stage, intimal thickening was observed in the PVs and the LA body, which was 
most profound in the PVs (figure 4a,b). At the entry of the PVs into the LA, no histological 

Figure 2
Sections of a 15.5 week old human embryo. Boxes in figure a indicate the position of the enlargements in b-k. 
RF-sirius red stained sections in c, e, g, i, k and l are adjacent sections of fig a, b, d, f, h and j, that are stained 
for alpha-SM actin. Collagen fibers are red and elastic fibers are black in the RF stained sections.
a-c. SMC have differentiated within the subendothelial collagenous matrix of the pulmonary vessel wall (VW). 
d,e. This differentiating vessel wall extends into the smooth-walled left atrial body (LAB). Although the left 
atrial appendage (LAA), the septum primum (S1), and the right atrial body (RAB) have a thin subendothelial 
collagen matrix (g, i, k) no SMCs are found (f, h, j). l. At 21 weeks elastin is deposited (arrows) in the differen-
tiating venous vessel wall in the LAB. Aorta (Ao), epicardium (E), external borderline (·····) of the VW, left ven-
tricle (LV), lumen (L), myocardium (Myo). Scale bar = 500 µM in a; 100 µM in b-h,k,l; 50µM in i; 200 µM in j.
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Figure 3
Sections of various segments of a human neonatal heart. a-d At the transition of the PV and LA body no his-
tological veno-atrial demarcation was found. The wall consisted of an endothelium/endocardium, a medial 
layer (M) with SMCs and elastic fibers, an adventitial layer (A) with fibroblasts and elastic fibers, a sheet of 
myocardium (Myo) and an outer epicardium (E). e,f In the left atrial appendage (LAA) no organised vessel 
wall was present. Only a subendothelial layer of elastin (e) and isolated SMCs (arrows in f) was present. In the 
right atrium only one layer of SMCs, not characteristic for a tunica media, could be detected in the right atrial 
body (arrow heads in g) near the entrance of the caval veins. The histology of the right atrial appendage (RAA) 
is comparable with the LAA with only isolated SMCs (arrows; h). Terminal crest (CT), Lumen (L), pericardial 
cavity (P). Scale bar = 500 µM in a,b,g; 100 µM in c-f; 200 µM in h.

demarcation was found. Interestingly, at the junction of the LA body with the LA append-
age, a borderzone with distinctive tissue was identified (figure 4c-e). The inner surface of 
this area lacked trabeculation. In contrast to the remaining part of the LA body and the 
PVs, the characteristic tunica media was lacking in this borderzone (figure 4d,e). Another 
finding was that the myocardium at the transition of the LA body and the trabeculated LA 
appendage was either very thin or absent (figure 4c,e). Moreover, in 2 of the adult hearts 
examined, the myocardium covering the LA body in between the confluence of the 4 PVs 
was discontinuous thus allowing the epicardium to line the vessel wall of the PVs (figure 
4g,h). These areas of discontinuous myocardium were only several millimeters wide. It 
should, however, be noted that in these areas (partly) isolated bundles of myocytes were 
observed.
Atrial	appendages:	The wall of the trabeculated LA appendage differed from the PVs and LA 
body in that it did not contain a vessel wall component. The inner surface consisted of a 
thin subendocardial collagenous layer with some elastic fibers and an occasional SMC 
(figure 4f). The histology of the LA appendage was similar to that of the right atrial ap-
pendage (figure 5a,b).
Right	atrial	body:	The non-trabeculated sinus venarum of the right atrium consisted at the 
inside of a thin subendocardial collagenous layer covered by myocardium. No characteris-
tics of vessel wall structures were present at this site (figure 5c,d). 
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Figure 4
Adult stage sections stained for alpha-SM actin (a,b,d,f; SM actin), Elastic Von Gieson (c,e; EvG) and Resor-
cin-Fuchsin (g; RF). Figure h is a macroscopical picture of the area in between the confluence of the PVs where 
discontinuous myocardium is found as shown in figure g. Boxes in figure c indicate the position of the enlarge-
ments in figure d,e. In EvG stained sections collagen fibers are purple and elastic fibers are black, in RF stained 
sections collagen fibers are red and elastic fibers are black.
a,b. In the pulmonary veins (PV) as well as in the left atrial body (LAB) an identical and characteristic vessel 
wall is found consisting of an intimal layer (I), a medial layer (M; double arrow) with SMCs and elastic lamel-
lae, and  an adventitial layer (A) in between the media and myocardium (Myo). In contrast to the neonatal 
stage, a profound intimal thickening is observed, most profound in the PVs. At the junction of the LAB with the 
left atrial appendage (LAA) a borderzone with distinctive tissue is identified (c,d; arrow). The inner surface of 
this area lacks trabeculation and vessel wall tissue (d). The myocardium at the transition between LAB and LAA 
is very thin or  absent, facing the epicardium (c,e: asterisk). f. On the inner surface of the LAA occasional SMCs 
are found (arrows) but a vessel wall component is lacking.
g,h. In between the confluence of the four PVs, in two adults, the myocardium (Myo) is discontinuous or absent 
(asterisk in g). Epicardium (E). Scale bar = 100 μM in a,b,f; 1mm in c; 200 μM in d; 500 μM in e,g. 

Figure 5
Adult stage sections stained with HHF35 for muscle actins (a; actin), alpha-smooth muscle actin (b,d-f; SM 
actin) and Elastic Von Gieson (c; EvG). Figure b and d are adjacent sections of fig a and c. 
a,b. At the transition of the smooth-walled right atrial body (RAB) to the trabeculated right atrial appendage 
(RAA), the myocardial layer (Myo) is very thin (a; arrow) comparable to the left side. In the RAA, vessel wall 
tissue is absent (b) which is comparable to the left atrial appendage. c,d. The right atrial body (RAB) consists 
at the inner side of a thin subendocardial layer (c; arrow), covered by myocardium (Myo). No characteristics of 
vessel wall tissue were present at this site (d). Terminal crest (CT), lumen (L). Scale bar = 500 μM in a,b;  
200 μM in c-d. 
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Figure 6
Schematic depiction of the outer side of the atrial chambers with the pulmonary veins (PV) and systemic veins. 
The left atrial body (LAB) and right atrial body (RAB) are covered by myocardium with a smooth-walled inner 
aspect (blue), which stretches out over the extracardiac segments of the PV and over a small peripheral part of 
the systemic veins (blue area above and below dotted line). The left atrial appendage (LAA) and right atrial ap-
pendage (RAA) consist of trabeculated myocardium (brown). A zone of smooth-walled myocardium that lacks 
characteristics of vessel wall tissue is found at the junction of the LAB to the LAA (blue between dotted lines). 
b. Schematic depiction of the tissue types found in the left and right atria seen from the inside of the atria. Ves-
sel wall tissue (red), myocardial tissue with a smooth-walled inner aspect (blue), primary atrial segment tissue 
(brown), transitional zone (asterisk) which is smooth-walled, lacking vessel wall tissue. Coronary sinus (SC), 
inferior caval vein (IVC), superior caval vein (SVC).
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Discussion 

In this study, the histological outcome of the incorporation of the PVs into the LA was 
described in subsequent developmental stages. Our study demonstrates that, based on 
histological criteria, 3 different compartments can be distinguished in the LA (schemati-
cally demonstrated in figure 6): the smooth-walled LA body with vessel wall tissue (i.e. 
incorporated PV tissue); the trabeculated LA appendage, without vessel wall tissue; and a 
transitional zone in between the LA appendage and the LA body, which is smooth-walled 
and lacks vessel wall tissue. The right atrial appendage, the body of the right atrium and the 
atrial septum are not lined by vessel wall tissue. The borderzone between the LA appendage 
and the LA body histologically resembles the smooth-walled sinus venarum (body) of the 
right atrium.
The origin of the pulmonary veins is an issue of controversy. Based on findings using the 
marker HNK1, several authors have described that the myocardium surrounding the primi-
tive PV in the LA is continuous with the sinus venosus in the right atrium 9-11.  However, 
other authors have disputed this relation 12. These discrepancies depend largely on differ-
ent application of definitions (especially how to define the sinu-atrial transition and the 
sinus venosus), and on different interpretation of possibly similar observations. Regardless 
of these differences, most authors seem to agree that the myocardium surrounding the 
primitive pulmonary vein possess different characteristics and can be differentiated from 
the working myocardium of the left atrial appendages. The aim of the current study was 
not to provide the answer for the origin of the primitive pulmonary vein. However, based 
on the observation of a zone of myocardium at the transition of the left atrial appendage 
with the left atrial body that histologically resembles the sinus venosus in the right atrium, 
we hypothesize that during incorporation of the PV and surrounding myocardium into the 
LA, the contribution of vessel wall to the body of the LA increases, which may reduce the 
area of sinus venosus myocardium to a small zone encircling the entrance to the LA ap-
pendage. An interesting finding was the very thin or even absent myocardium at this junc-
tion zone between the LA body and the LA appendage; within this zone slow conduction or 
conduction block may occur that are prequisites for the induction of reentry13. 
At early stages, the wall of the PVs consisted of a mixture of extrapericardially differenti-
ated myocardial cells and SMCs. These SMCs proliferated and differentiated into an inner 
venous vessel wall. In the neonate and the adult, due to the incorporation process of the 
PVs, vessel wall tissue and extrapericardially differentiated myocardium were not only pres-
ent in the PVs, but also in the LA body. It is currently unclear whether the outer circular or 
spirally arranged myocardial sleeves are formed due to extracardial mesenchymal triggers 
as is strongly supported by studies of Kruithof et al. 14 15, or are a direct continuation of the 
LA myocardium as supposed by Millino in the mouse16. Our study demonstrates that the 
myocardium and venous wall differentiate simultaneously, but does not support either a 
cardiac or an extracardiac origin.
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In the adult PVs and the LA body, beneath the endothelium/endocardium a prominent 
fibroelastic subendothelial layer was observed, which extended to a lesser extent in the right 
and left appendages and the atrial septum. Interestingly, in the neonatal stage, only a very 
thin subendothelial layer was observed, raising the possibility of an aging reaction to differ-
ent stimuli e.g. continuous shear stress. In congenital heart diseases causing persistent and 
increased wall tension on the ventricles e.g. aortic stenosis or atresia and hypoplastic left 
heart, a comparable intimal thickening, so-called fibro-elastosis, can be found17.  However, 
as all our adult hearts showed this intimal thickening, it is debatable whether these find-
ings represent a true form of fibro-elastosis or are part of normal aging. Reactive intimal 
thickening in the PVs, leading to PV stenosis, can be seen after ablative therapy for arrhyth-
mias, which suggests that the intimal layer is not only susceptible to internal but also to 
external stimuli18. Especially in this context, the results of this study can be of importance 
since it demonstrates that the LA body contains areas of discontinuous myocardium and 
areas without myocardium, e.g. in between the PV orifices, that might be the electrophysi-
ological substrate of arrhythmias13. An increased susceptibility for arrhythmias may be ex-
plained by a difference in the composition of the extracellular matrix, the cellular junctions 
or the phenotype of these extrapericardially differentiated myocardial cells with regard to 
the intrapericardially differentiated myocardial cells of the sinus venosus and the atrial 
segment. These arrhythmias are amenable to catheter ablation but one must be alert that 
the vessel wall can be easily damaged due to a lack of myocardium. These considerations 
are specifically important when performing ablation at the LA dorsal wall, that is in close 
contact to the oesophagus. Recent studies have emphasized the risk of atrio-esophageal 
fistula due to the application of radiofrequency current at this site19 20. Lower dosage of 
radiofrequency current is therefore recommended when ablating in this area.
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Abstract

Purpose: To evaluate multi-slice computed tomography (MSCT) depiction of 
the pulmonary veins (PV) to provide a roadmap for subsequent radiofrequency 
catheter ablation (RFCA).

Materials and Methods: In 23 patients (17 men, 6 women mean age 48±11 
years) with atrial fibrillation admitted for RFCA-isolation of PV, MSCT was 
performed. PV anatomy was evaluated and diameters of PV ostia were measured. 
To determine the shape of the ostia, a venous ostium index was calculated for all 
veins, by dividing measurements performed in the anterior-posterior direction by 
measurements performed in the superior-inferior direction. Results were compared 
with a control group of 11 patients (8 men, 3 women; mean age 56±11) without 
atrial fibrillation. Images were evaluated in consensus by two observers.

Results: Additional PV to the 4 main PV were found in 7/23(30%) of patients. 
Common ostia of left and right PV were detected in 19/23(83%) and 9/23(39%) 
patients respectively. Early branching occurred more often in right vs. left PV 
(19/23(83%) vs. 3/23(13%), P<0.05) in both patients and controls. Mean 
anterior-posterior diameter of PV ostia was 12.8±3.3 mm for left PV, 16.2±3.8 
mm for right PV and 18.8±7.7 mm and 28.7±5.1 mm for left and right common 
ostia respectively. Ostia of right PV were more round-shaped then ostia of left 
PV (Venous ostium indexes 0.91±0.21 vs. 0.75±0.17 respectively, P<0.05 and in 
controls 0.93±0.12 vs.0.82±0.17, P<0.05). MSCT data were used to determine the 
ablation strategy and to guide catheters during RFCA.

Conclusion: MSCT is a valuable technique as a roadmap for PV anatomy prior 
to RFCA. Variations in number/insertion of PV were observed in a considerable 
number of patients and controls. 
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Introduction

Ectopic foci located within the pulmonary veins may trigger the induction of atrial fibril-
lation and/or tachycardia 1. This recognition has provided the basis for therapies directed 
at eliminating these foci by radiofrequency catheter ablation (RFCA). Different ablation 
strategies have been developed to either eliminate the foci or to encircle and electrically 
isolate the pulmonary veins 2-5.The acute success rate of these procedures is acceptable, 
but procedure/fluoroscopy times are significant, partly due to the laborious visualization 
of the pulmonary veins.
Arrhythmogenicity of the pulmonary veins has been attributed to sleeves of atrial myocar-
dium extending in the pulmonary veins 6 7. Anomalies in number and insertion of the pul-
monary veins have been described, and some authors have indicated a possible role of the 
right middle pulmonary vein in initiating atrial fibrillation 8. It is not possible to adequately 
detect these anomalies using fluoroscopy alone. 
Magnetic resonance imaging (MRI) has been applied to detect anomalous insertion of 
pulmonary veins, and to evaluate pulmonary vein stenosis after RFCA 9-11. The advantage 
of MRI is the lack of ionizing radiation exposure, but MRI cannot be applied to patients 
with pacemakers, claustrophobia, or in patients who, due to their clinical condition, can-
not tolerate the considerable long scanning times of MRI.
Accordingly, The purpose of our study was to evaluate multi-slice computed tomography 
(MSCT) depiction of the pulmonary veins to provide a roadmap for subsequent RFCA.

Materials and Methods

Study	population:
Treatment of drug refractory atrial fibrillation by radiofrequency catheter ablation is stan-
dard practise in our hospital. The study population consisted of 23 consecutive patients 
with drug-refractory atrial fibrillation admitted for RFCA of the pulmonary vein ostia. Mean 
age was 48±11 years, range 24-68 years (17 men, 48±9 years, range 31-62 years; 6 female, 
49±17, range 24-68 years). Furthermore a control group of 11 consecutive patients (mean 
age 56±11, range 31-73 years, 8 men, 56±5 years, range 46-62 years; 3 female, 55±22 
years, range 31-73 years) without atrial fibrillation, admitted for evaluation of coronary 
artery disease, was studied. There were no statistically significant differences in age and 
sex between the study group and the control group (determined with the Independent Stu-
dent’s t-test and the Fisher’s Exact Test respectively, using SPSS 11.0 software), although 
in both groups more male subjects were present. For both groups, we did not include 
patients with clinically important valvular disease, patients who had undergone coronary 
artery bypass grafting and patients with severe left ventricular dysfunction. Three of 23 
(13%) patients and none of the control patients had a permanent pacemaker. Our Institu-
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tional Review Board does not require its approval or written informed consent for a retro-
spective review, as was performed for the 23 patients having standard practice treatment 
in our hospital. However, all 23 patients were extensively informed about the treatment 
and they all gave informed consent prior to MSCT scanning. The 11 control patients are 
part of a research protocol for non-invasive evaluation of coronary artery disease that was 
approved by the Institutional Review Board of our institution. These 11 control patients 
gave informed consent to participate in that study and the use of the data for scientific 
research. We retrospectively analyzed the data obtained in these 11 control patients, and 
our Institutional Review Board did not require its approval or additional informed consent 
for that retrospective analysis. 

Multi-SliceComputed	Tomography
MSCT was performed two days prior to RFCA (by MSD, AdR, MRMJ) using a Toshiba 
Multi-slice Aquilion 0.5-T system (Toshiba Medical Systems, Otawara, Japan). Non-ionic 
contrast material (Xenetix 300, Guerbet, Aulnay S. Bois, France) was injected in the ante-
brachial vein (160 ml, flow rate 4.0 ml/sec.).
The first 19 examinations were performed on a 4-slice CT scanner; in 4 patients, a 16-slice 
CT scanner was used. In the control group MSCT was performed on a 4-slice CT scanner 
in 3 patients, the other 8 patients were scanned with a 16-slice CT-scanner. Cranio-caudal 
scanning (coverage length 80-120 mm) was performed at the level of the atria using simul-
taneous acquisition of 4 sections with a collimated slice thickness of 2 mm (when using 
the 4-slice system), and 16 sections with a collimated slice thickness of 0.5 mm (when 
using the 16-slice system). Helical pitch was 1 mm-/-0.5 sec. for the 4-slice scanner and 
4 mm-/-0.5 sec. for the 16-slice scanner, rotation time was 500 ms and tube voltage was 
120 kV at 250 mA.
Scanning was performed during breath-holding. A segmental reconstruction algorithm 
was used to allow for the inclusion of patients with a range of heart rates without the need 
for pre-oxygenation or beta-blocker therapy. Retrospective ECG-gating was performed to 
eliminate cardiac motion artefacts. Data acquisition was completed in 20 seconds.
Data reconstruction was performed on a Vitrea post-processing workstation (Vital images, 
Plymouth, Mn, USA) with use of 2-D viewing modes and 3-D reconstructions.

Analysis	of	MSCT
Evaluation of pulmonary vein anatomy was first performed by examining anatomy of the 
pulmonary veins and their insertion in the left atrium on 3-D epicardial reconstructions. 
Thereafter, reconstructions were evaluated in three different orthogonal planes (transver-
sal, sagittal and coronal) or with angulated multiplanar reformat. The number of pul-
monary veins, number of ostia and the branching pattern of the pulmonary veins were 
assessed. Two experienced observers (MSD & AdR, experience in chest CT interpretation 6 
and 25 years respectively) assessed the MSCT images in consensus. 
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The ostial insertion of the pulmonary veins was defined as either separate insertion or as 
common ostium. In order to analyze insertion of the pulmonary veins in the left atrium, 
definitions were constructed (MSD, AdR, MRMJ, JJB, MJS). Application of definitions was 
as follows. To determine the site of the veno-atrial junction, extrapolation of the outer left 
atrial contour was performed in three orthogonal directions. A line following the outer left 
atrial contour was drawn (Figure 1), indicating the border between the left atrium and the 
pulmonary veins. Pulmonary veins which either enter this “virtual” left atrial contour sepa-
rately or which bifurcate within a distance < 0.5 cm from the line were defined as having 
‘separate ostia’. If the distance between the border of the left atrium and the bifurcation 
of the pulmonary veins was ≥ 0.5 cm on the transversal and coronal plane, the ostium 
was defined as a ‘common ostium’. Also, the sagittal plane was used to confirm that both 
veins either enter the left atrial contour separately or unite before entering the left atrium 
in case of separate and common ostia respectively. Multiplanar reformatting was used to 
obtain optimal insight of the ostial insertion in the three orthogonal planes. ‘Additional 
pulmonary veins’ enter the left atrium in a separate ostium, which is located < 0.5 cm from 
the virtual line representing the left atrial contour. ‘Early branching’ was defined as bifurca-
tion of the pulmonary vein in 2 or more separate branches within 1 cm of their origin of 
the left atrium. 
Next, measurements of pulmonary vein diameters were made at the level of the ostium 
(MSD, MRMJ in consensus). Pulmonary veins have been reported to be more oval-shaped 
than round-shaped 12. Accordingly, the diameter of the ostia of all pulmonary veins was 
measured in 2 directions. Multiplanar reformat was used to obtain imaging planes that 

Figure 1
Schematic drawing (left panel) and maximum intensity projection after injection of intravenous contrast (right 
panel) of the left atrium (LA) and the right pulmonary veins in the transversal plane, to demonstrate the ap-
plication of definitions. The dotted line represents the extrapolated border of the left atrium. If the distance 
between this virtual border and the bifurcation of both pulmonary veins (double arrow) is ≥ 0.5 cm, as is the 
case in this example, the ostium of both pulmonary veins is defined as a ‘common ostium’, because both veins 
enter the virtual border of the left atrium trough a common trunk. RSPV: right superior pulmonary vein, RIPV: 
right inferior pulmonary vein.
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were perpendicular to the course of the veins, to allow measurements in 2 orthogonal 
directions. The venous ostium index (measurements performed in anterior-posterior direc-
tion divided by measurements performed in superior-inferior direction) was calculated to 
determine whether these data provided evidence for asymmetry of pulmonary vein ostia. 
Particular attention was paid to the presence of macroscopic pre-existent stenosis of pul-
monary veins. The ablation strategy was planned according to MSCT data.

Radiofrequency	catheter	ablation:	
The aim of RFCA was to electrically isolate all pulmonary veins from the left atrium by ap-
plying radiofrequency-current circumferentially around the ostia of all pulmonary veins, 
according to the method described by Pappone et al. 4. Ablation points were to be tar-
geted at ± 5 mm outside the ostium of the pulmonary veins, in order to prevent pulmonary 
vein stenosis. Radiofrequency current was applied via a Stockert-Cordis (Stockert-Cordis, 
Freiburg, Germany) generator at each ablation point for 30 seconds, with maximum tem-
perature setting at 60° C and maximum radiofrequency energy 50 W. Prior to RFCA, the 
ablation strategy was planned using data obtained with MSCT. 
If a separate pulmonary venous insertion was observed on the MSCT scan, radiofrequency 
current was targeted to form separate circles surrounding the pulmonary venous ostia. If 
the distance between the border of the left atrium and the bifurcation of the pulmonary 
veins was > 0.5 cm, the ostium was defined as a common ostium because the ablation of 
these veins would be performed by encircling the common ostium rather than approaching 
each vein independently. If a common ostium was observed, ablation points were targeted 
in a large circle surrounding the common ostium. All additional pulmonary veins observed 
were targeted, in order to electrically isolate these veins from the left atrium as well. During 
the procedure, the MSCT scan was placed on a light panel opposite to the operator, and 
served as a roadmap for ablation during the procedure. Results of measurements of the 
pulmonary vein ostia and indexes were available during the procedure to guide the opera-
tor in targeting the pulmonary veins. A 3-D non-fluoroscopic mapping system (CARTO, 
Biosense Webster, Diamond Bar, CA, USA) was used to tag pulmonary veins, to acquire 
electrophysiological information and to mark ablation points. Tagging of the pulmonary 
veins was guided by the information of the MSCT scan, concerning number and insertion 
of pulmonary veins. All patients received heparin (activated clotting time 2-3 times base-
line value, checked hourly) to reduce the risk of thrombo-embolic complications. Electrical 
isolation of the pulmonary veins was confirmed by pacing from the left atrium and the pul-
monary veins. The procedure was designated successful when there was no capture after 
pacing in the left atrium or pulmonary veins and when the patient was in sinus rhythm after 
the procedure.	RFCA was performed by MJS, assisted by MRMJ.
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Statistical	analysis	(EB)
Continuous data are expressed as mean values and corresponding standard deviation 
(SD), and dichotomous data are expressed as numbers and percentages. Differences in 
baseline demographic and clinical characteristics between patient subgroups are analysed 
by unpaired student’s t-tests or Fisher’s exact tests, as appropriate. The paired student’s 
test t- test was applied to evaluate differences in the venous ostium indexes between right 
sided and left sided veins. Finally, the McNemar test was used to evaluate the occurrence of 
common ostia and early branching between left sided and right-sided veins. All tests were 
two-tailed, and the threshold for statistical significance was stated at the classical 0.05 
probability level. Analyses were performed using SPSS 11.0 software. 

Figure 2
A/B. Sagittal view illustrating separate insertion of the left pulmonary veins. Both veins (arrows) enter the left 
atrium separately.
C. 3-D reconstruction, posterior view. The descending aorta and spine are removed by segmentation to in-
crease visualization. The left pulmonary veins insert in the left atrium via separate ostia (arrows).
LA: left atrium
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Results

Mean heart rate during scanning was 80±17 beats per minute (range 47-104). Recon-
struction of data was performed in several cardiac phases and the cardiac phase showing 
minimal cardiac motion artefacts was evaluated.

Pulmonary	vein	anatomy. In 23 patients, a total of 100 pulmonary veins were detected (4.4±0.6 
per patient), whereas in the 11 control subjects a total of 47 pulmonary veins were observed 
(4.3±0.5 per patient). Additional right pulmonary veins to the 4 main pulmonary veins 
were observed in 6/23 (26%) patients and in 3/11 (27%) control subjects. One patient (of 
the 6 patients in whom additional veins were observed) had 2 additional right pulmonary 
veins. Thus, 7 additional right pulmonary veins were observed in the patients group. Five 
were situated between the 2 native right pulmonary veins and referred to as right middle 
pulmonary veins. One additional right pulmonary vein was situated below the native lower 
right pulmonary vein. In the patient with 2 additional pulmonary veins, there was a large 
common ostium on the right side, from which 2 native and 2 additional veins originated. 
In 1 (4%) patient an additional left pulmonary vein was observed. Additional left pulmo-
nary veins were not observed in the control group. Figure 2 demonstrates MRCT images 
obtained from a patient with normal insertion of the pulmonary veins. MRCT images of a 
patient with an additional right pulmonary vein are shown in Figure 3. 
Common ostia were observed more frequently in left as compared to right pulmonary 
veins in both groups (83% vs. 39%, P<0.05 in patients and 55% vs. 9% in controls, P <0.05). 
Examples are shown in Figure 4 and 5.

Figure 3
A/B. Maximum intensity projections (coronal views) showing three right pulmonary veins (arrows).
C. 3-D reconstruction, posterior view. Arrows point at the three right pulmonary veins.
LA: left atrium
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Early branching occurred more often in right as compared to left pulmonary veins (83% 
vs. 13%, P<0.05 in patients and 82% vs. 0% in controls P<0.05). All anatomic findings are 
summarized in Table 1.

Figure 4
Sagittal views, demonstrating a common ostium of the left pulmonary veins. Upper and lower arrows point at 
the left superior and left inferior pulmonary veins, respectively
A. The left superior and left inferior pulmonary veins approach the LA separately. 
B. The left superior and inferior veins unite before entering the left atrium.
C/D. Both veins enter the left atrium via the same ostium (open arrow).
LA: left atrium

Patients
(n=23)

Controls
(n=11)

Mean number of PV/pt 4.4±0.6 4.3±0.5
Mean number ostia/pt 3.1±0.9 3.4±0.7
Pts with additional RPV 6 (26%) 3 (27%)
Pts with additional LPV 1 ( 4%) 0
Pts with common ostium RPV 9 (39%) 1 ( 9%)
Pts with common ostium LPV 19 (83%) 6 (55%)
Pts with early branching RPV 19 (83%) 9 (82%)
Pts with early branching LPV 3 (13%) 0

PV: pulmonary veins, LPV: left pulmonary veins, RPV: right pulmonary veins, pts: patients
* P<0.05 vs. patients with common ostia RPV
† P<0.05 vs. patients with early branching RPV

Table 1� Anatomical�Results�MSCT
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Quantative	measurements	of	pulmonary	vein	ostia. Measurements at the level of the pulmonary 
vein ostium were performed in two perpendicular directions (Table 2). Mean anterior-pos-
terior diameters were larger for the right pulmonary veins as compared to the left pulmo-
nary veins in both groups. Mean diameters measured in the superior-inferior direction were 
comparable for the left and right pulmonary veins in both groups, and are summarized in 
Table 2. Although there was a trend towards larger diameters of pulmonary venous ostia 
in the patients group as compared to the control group, these differences were not statisti-
cally significant.
The venous ostium indexes (fraction of anterior-posterior and superior-inferior diameters) 
were calculated to determine ovality of the ostia and are shown in Table 2. As this ratio ap-
proaches 1, the ostium of the pulmonary vein is more round shaped, whereas differences in 

Figure 5
A/B. 3-D reconstructions, posterior views. Examples of common ostia of the left pulmonary veins. To facilitate 
interpretation, the extrapolated border of the LA is depicted by the dotted line. In figure B the ostium is funnel-
shaped. The arrow points at the left ventricular apex.
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diameter result in an outcome of the venous ostium index which deviates from 1, indicating 
the presence of a more asymmetric or oval-shaped ostium. Ostia of right-sided pulmo-
nary veins were significantly more round-shaped as compared to the left pulmonary veins 
(0.91±0.21 vs. 0.75±0.17 respectively in the patients group and 0.93±0.12 vs.0.82±0.17 
for the control group, P<0.05). 

Radiofrequency	catheter	ablation. Eventually 21 patients were treated with RFCA for pulmo-
nary vein isolation. Two patients were excluded for the presence of intracardiac thrombus 
detected with echocardiography prior to RFCA. Targeting of RF-ablation points was per-
formed according to the information obtained with MSCT. In patients with common ostia, 
the RFCA-lesions were targeted around the common ostium of the pulmonary veins, in or-
der to achieve a circumferential line of block around the veins. In patients with additional 
pulmonary veins, RFCA was aimed at isolation of these veins as well. Procedural success 
was achieved in 20/21(95%) of patients. Mean procedure time was 309±83 minutes and 
mean fluoroscopy time 56±16 minutes. No complications were observed during the first 
48 hours after the procedure. After 14.3±3.8 months of follow up, 14/21 (67%) patients 
were in sinus rhythm.

Vein N
Patients

Diameter AP 
(mm)

Patients
Diameter SI 

(mm)

Patients
Venous 

ostium index

Controls
Diameter

AP (mm)**

Controls
Diameter 

SI (mm)**

Controls
Venous 

ostium index

LSPV 23 13.8±3.1 18.7±4.4 0.76±0.17 12.7±1.7 15.9±2.4 0.81±0.15
LIPV 23 11.8±3.3 16.1±3.1 0.74±0.16 12.7±2.2 15.8±2.6 0.82±0.19
Both LPV 12.8±3.3 17.4±4.0 0.75±0.17 12.7±1.9 15.9±2.4 0.82±0.17
RSPV 23 16.9±2.9 19.5±3.0 0.88±0.14 15.0±1.7 16.7±2.6 0.91±0.10
RIPV 23 15.9±4.3 17.7±4.4 0.94±0.27 13.7±1.7 14.5±2.4 0.95±0.13
Both RPV 16.2±3.8* 18.6±3.8 0.91±0.21* 14.3±1.8*† 15.6±2.7† 0.93±0.12*
LCO 19 18.8±7.7 26.2±8.0 0.82±0.57 16.3±2.1 23.4±4.1 0.71±0.13
RCO 9 28.7±5.1 31.2±7.3 0.98±0.34 21.4 25.0 0.86
Add LPV 1 11.0 10.1 1.09 - - -
Add RPV 7 6.7±0.9 7.2±2.3 1.00±0.3 7.9±1.1 6.9±1.1 1.15±0.07

LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, RSPV: right superior pulmonary vein, RIPV: 
right inferior pulmonary vein, LCO: left common ostium, RCO: right common ostium, LPV: left pulmonary veins, 
RPV: right pulmonary veins, Add LPV: additional left pulmonary vein, Add RPV: additional right pulmonary veins, 
AP: anterior-posterior, SI: superior-inferior

* P<0.05 vs. both left pulmonary veins in the same group
** no statistically significant difference as compared to the patients group
† P < 0.05 vs. diameters ostia RPV in the patients group

Table 2 Measurements�of�Pulmonary�Venous�Ostia
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Discussion

Key findings of this study are the presence of additional pulmonary veins and the common 
insertion of pulmonary veins in a substantial number of patients. Since the recognition 
that atrial fibrillation may originate from triggers within the pulmonary veins and RFCA 
can eliminate these triggers, interest for pulmonary vein anatomy has increased 6 7 13 14. 
Knowledge of pulmonary vein anatomy prior to RFCA is therefore mandatory to facilitate 
an anatomical based ablation procedure. In the current study, we used MSCT to evaluate 
pulmonary vein anatomy prior to RFCA procedures.

Pulmonary	vein	anatomy.	Information on the prevalence of variations in pulmonary vein anat-
omy is scarce. In the present study, interindividual variations in anatomy of pulmonary 
veins were demonstrated in both the study population and the control group. A recent 
study provides a useful classification system of pulmonary venous drainage patterns 15. 
However, lack of definitions concerning the border between the left atrium and the pul-
monary veins, complicates the description of pulmonary vein anatomy and their entrance 
in the left atrium. We have used extrapolation of the left atrial contour on the orthogonal 
2-D planes as the boundary of the left atrium. The presence of a common ostium was 
determined according to the distance between this virtual border of the left atrium and the 
bifurcation of the two pulmonary veins on the transversal and coronal plane. In case of a 
common ostium, both veins could also be observed to unite before entering the left atrium 
on the sagittal plane. According to this definition, the pulmonary veins could be demon-
strated to unite and enter the left atrium via the same ostium in 83% of patients. In 39% a 
common ostium of the right pulmonary veins was observed. On 3-D reconstructions, often 
a large funnel-shaped entrance could be observed.
A total of 7 additional right pulmonary veins were observed, with 5 positioned between the 
two native veins, and they were thus considered as right middle pulmonary veins. In one 
patient an additional left pulmonary vein was observed.
The exact prevalence of pulmonary vein anomalies has not been thoroughly investigated. 
Nathan et al. 16 have reported variations in number of pulmonary veins and the insertion 
in the left atrium, although exact details were not provided. Ho et al.7 and Cabrera et al.17, 
based on observations in human autopsy hearts, observed common ostia in 25%7 and in 
an additional 40% the veins were only separated by muscle tissue <3 mm wide 7. In another 
study, an anomalous number of veins was present in 23% of examined hearts 6. Moubarak 
et al. describe confluent superior and inferior veins in 25% of examined hearts, most com-
mon on the left side 18. 
High spatial resolution imaging, such as MSCT and MRI, may allow more precise visualiza-
tion of anatomy, and may therefore detect more anomalies. This is precisely the informa-
tion needed prior to RFCA, in order to completely isolate all veins. 
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In particular, the right middle pulmonary vein has been associated with the occurrence of 
atrial fibrillation 8. This anatomical variant can be adequately delineated with MSCT, as 
was observed in 5 (22%) patients in our study.
In addition, the diameter and shape of the ostia is important information for RFCA. For 
this purpose, 3-D imaging is needed, since the diameter of the pulmonary venous wall is 
often oval-shaped and 2-D assessment using angiography will not be sufficient. In the pres-
ent study, the diameter of the pulmonary veins was measured at the ostia and the venous 
ostium index was calculated from measurements performed in two perpendicular planes. 
Results indicated a more asymmetric or oval shape of the left pulmonary veins, whereas 
venous ostium indexes in right pulmonary veins suggested a more round shape of these 
veins. These findings are in line with recent observations by Wittkampf et al. using 3-D 
visualization of pulmonary veins with MRI 12. As also demonstrated by Wittkampf et al., 
3-D evaluation of ostia is very important prior to RFCA since ostia can be very narrow (due 
to the oval shape), and this information cannot be derived from 2-D fluoroscopy. 

MSCT	for	3-D	visualization	of	pulmonary	veins. Cardiac MSCT has mostly been performed for 
evaluation of coronary artery stenoses 19 20. MSCT for evaluation of pulmonary anatomy 
has recently been applied 21;15 22. Data acquisition of MSCT is only 20 seconds, and all pa-
tients (including those with pacemakers, or metallic objects (intracranial clips) and claus-
trophobia) can potentially undergo MSCT. This imaging technique allows thin slices to 
be obtained within reasonable breath-hold duration. Because of the thin slice-thickness, 
advanced post-processing techniques such as multiplanar reformatting, 3-D volume ren-
dering and maximum intensity projection can be applied for diagnostic evaluation. With 
the recent introduction of 16-slice systems, the z-axis resolution can be cut down to 0.5 
mm, allowing true isotropic imaging in any anatomical plane with preservation of in-plane 
resolution. This may result in improved diagnosis of small pulmonary vein branches, which 
may facilitate RFCA procedures. Finally, real-time catheter navigation in the heart using of 
three-dimensional CT images has been described recently 23.
A limitation of the use of MSCT is the radiation dosage. In the current study, radiation 
exposure of MSCT was approximately 8 mSv. New acquisition techniques, e.g. ECG-depen-
dent dose modulation or acquisition protocols that employ prospective cardiac triggering, 
will allow substantial dose-reduction. A disadvantage of prospective triggering is that only 
one cardiac phase can be constructed, which may cause inaccuracy of measurements of 
pulmonary veins in patients with irregular heart rhythms, such as in atrial fibrillation.
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Study limitations

This study is a descriptive study, with the emphasis on the methodology to determine the 
atrio-venous junction, in order to describe variations in pulmonary venous anatomy prior 
to radiofrequency catheter ablation. To describe the size and shape of the ostia, measure-
ments of the diameters of the pulmonary veins were performed. The current study is a pilot 
study to evaluate the occurrence of different anatomical variations in a group of patients 
with, and without atrial fibrillation. Inferential statistics were performed, with the marginal 
note that samples sizes may not be sufficient to draw positive conclusions. Although our 
results demonstrate a trend towards larger ostial diameters in the atrial fibrillation group, 
the small size of the studied group does not allow a valid comparison between the groups. 
Likewise, to determine whether our findings reflect anomalies or mere variations of normal 
anatomy, examination of larger patient groups both with and without atrial fibrillation is 
mandatory. 
ECG triggering may not be feasible in patients who are in atrial fibrillation during scanning. 
However, the MSCT system we used allows adaptive segmentation/adaptive temporal 
resolution, which corrects irregularities in cardiac rhythm to a certain extent by adjusting 
the segmentation for every heartbeat. Furthermore, retrospective ECG gating has the ad-
vantage that reconstructions during different phases of the cardiac cycle can be obtained, 
which allows reconstruction of the cardiac phase showing the minimum amount of motion 
artefacts.

In conclusion, MSCT allows visualization of pulmonary vein anatomy, providing a road-
map prior to RFCA, which may be used to guide the application of radiofrequency current 
around pulmonary vein ostia in patients with atrial fibrillation.
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Abstract

Accurate knowledge of the anatomy of intracardiac structures is essential for 
the efficiency and safety of performing interventional procedures. Although 
fluoroscopy is an important aid while advancing catheters in the heart, it is not 
sufficient to supply accurate anatomical information on the position of veins, 
ridges and septa in the heart. Furthermore radiation exposure forms a risk to both 
the patient and the operator.
Intracardiac echocardiography (ICE) is a promising technique for imaging of 
intracardiac structures, and may serve as an alternative for the transesophageal 
approach, which is semi-invasive and requires anaesthesiology. The introduction 
of ICE catheters with low frequencies, allows accurate visualisation of intracardiac 
anatomical structures with an ultrasound catheter placed exclusively in the right 
side of the heart. This report focuses on the use of ICE in guiding percutaneous 
interventional procedures.
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Introduction

Accurate knowledge of the anatomy of intracardiac structures is essential for the efficiency 
and safety of performing interventional procedures. Although fluoroscopy is an important 
aid while advancing catheters in the heart, it is not sufficient to supply accurate anatomical 
information on the position of veins, ridges and septa in the heart. Furthermore radiation 
exposure forms a risk to both the patient and the operator.
Intracardiac echocardiography (ICE) is a promising technique for imaging of intracardiac 
structures, and may serve as an alternative for the transesophageal approach1, which is 
semi-invasive and requires anaesthesiology. The introduction of ICE catheters with low 
frequencies, allows accurate visualisation of intracardiac anatomical structures with an 
ultrasound catheter placed exclusively in the right side of the heart. This report focuses on 
the use of ICE in guiding percutaneous interventional procedures.

Basics of ICE

2-D	intracardiac	ultrasound	systems	–	History
The first application of ICE was done using mechanical	ultrasound	systems, which were in-
troduced in the 1980s. These systems provided high resolution imaging, but due to the 
high frequency of the transducers (20-40 MHz), tissue penetration was only limited and 
anatomic intracardiac overviews could not be obtained. The subsequent development of 
lower-frequency transducers allowed imaging of intracardiac structures, but these sys-
tems were still limited by the low steerability and over-the-wire design of the catheters 2. 
The clinical use was improved by the development of flexible lower-frequency transducers 
(9MHz), but depth control of these catheters still was not sufficient to allow visualisa-
tion of the whole heart from the right side of the heart. In the 1990s, systems modified 
after transesophageal echocardiographic probes were introduced. In these systems depth 
was improved by the use of lower frequencies (5MHz). However, the large size of these 
transducers limited the clinical use. In recent years the development of steerable phased	
array	ultrasound	catheter	systems with low frequency and Doppler qualities has expanded the 
clinical use of ICE.

What	are	the	technical	requirements?
–	Mechanical	ultrasound	tipped	catheter
The mechanical ultrasound transducer tipped catheter (Clearview, Cardiovascular Imag-
ing Systems Inc, Fremont, CA, USA) can be used for both intravascular and intracardiac 
imaging. For intracardiac use, a 9 MHz single element transducer is incorporated in an 
8 French catheter. A piezoelectric cristal is rotated at 1800 rpm in the radial dimension 
perpendicular to the catheter shaft, thus providing cross sectional images in a 360° radial 
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plane. A sheath surrounding the imaging transducer is necessary to prevent contact of the 
imaging transducer with the cardiac wall. The ICE catheter needs to be filled with 3-5 cc 
sterile water before it is connected to the ultrasound machine (Boston Scientific Corp., San 
Jose, CA, USA). 3-D reconstruction of the acquired data can be created.

–	Phased	array	ultrasound	tipped	catheter
This system uses a 10 French ultrasound catheter (Acunav Diagnostic Ultrasound Cath-
eter, Acuson Corporation, Mountain View, CA, USA), which is positioned in the RA or RV 
via a femoral approach, through a 10 French introducer. The ultrasound catheter consists 
of a miniaturized 64-element, phased array transducer, which is incorporated in a single 
use catheter. The transducer scans in the longitudinal monoplane, providing a 90° sector 
image with tissue penetration of approximately 15 cm. Two planes of bi-directional steer-
ing (anterior-posterior and left-right, each in a direction of 160 degrees) are possible by 
using a mechanism on the handle of the catheter. The high resolution multiple frequency 
transducer (5MHz-10 MHz) allows tissue penetration enhancement, thus allowing depth 
control. Measurements of hemodynamic and physiologic variables can be made using 
Doppler imaging. The catheter is connected to an ultrasound system (Acunav/Seqouia, 
Acuson corp, Mountain view, CA, USA). 

–	Mechanical	versus	phased	array	ultrasound	tipped	catheter
Although the mechanical ultrasound systems can be used at a considerably lower cost 
compared to the phased array systems, there are several disadvantages as compared to 
the phased array transducers. Currently, no functional analysis can be performed with 
mechanical systems, due to the lack of colour and pulsed Doppler features. Since these sys-
tems use a single ultrasound frequency of 9 MHz and provide a limited radial depth of view 
(5 cm), imaging of left sided structures is not feasible with the ultrasound catheter placed 
in the right heart. This could increase the risk of thrombo-embolic complications when 
using the device for imaging of left sided structures. Furthermore, the design of the me-
chanical rotating catheter shaft and the lack of an articulation mechanism at the handle, 
limits steering of the transducer and thus a dynamic view on intracardiac structures. In the 
remainder of the current report we mainly focus on the use of phased array ICE in guiding 
percutaneous interventional procedures.

Advantages	and	limitations	of	ICE	during	interventional	procedures
In the past, if percutaneous interventions needed guiding, fluoroscopy, transthoracic echo-
cardiography (TTE) or transesophageal echocardiography (TEE) were used. The use of ICE 
has several advantages over these other techniques. No radiation is needed. In comparison 
to TEE, patient discomfort is less, general anaesthesia is not needed, allowing communica-
tion with the patient during the procedure. As compared to TTE, the transvenous access 
has the advantage that it is not necessary to position a transducer in a sterile field.
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General advantages of ICE are the availability of direct on-line information on the position 
of catheters and devices and the possibility of direct monitoring of acute procedure-related 
complications (such as thrombus formation, pericardial effusion etc).
Several limitations of ICE currently exist. First the considerable shaft size (10 Fr) and the 
lack of additional catheter features, such as ports for guidewires, therapeutic devices and 
pressure, form a limitation. Second, the phased array catheters are expensive and single 
use only. Third, phased array ICE provides only monoplane image sections. Although this 
can partly be overcome by the steerability of the catheter, operators who are used to multi-
plane TEE transducers may have difficulty obtaining the same views. Moreover, no stan-
dard views for ICE are currently defined, as are available for TTE and TEE. 

Which	views	can	be	obtained	with	intracardiac	echocardiography?	
Using phased array ICE, views of all anatomic landmarks can be obtained with the ultra-
sound catheter positioned in either the RA or the RV. Although images quite similar to TEE 
can be obtained, the relatively “loose” position of the ultrasound probe in the heart, may 
give the inexperienced operator a feeling of disorientation. To overcome this, structured 
introduction and steering/manipulation of the ultrasound tipped catheter can ultimately 
provide orientation, supported by recognition of the anatomical landmarks. The catheter 
is advanced via the femoral vein, into the middle part of the RA via the inferior caval vein, 
thus visualising the RA, tricuspid valve and RV (Figure 1A). This view with the catheter 
positioned in the middle of the RA, can be used a “basic point of orientation”, from which 
other views can be derived. Counterclockwise rotation with the catheter positioned in the 
superior part of the RA provides imaging of the terminal crest, whereas clockwise rotation 
of the catheter from the inferior RA provides a view of Eustachian ridge with the tricuspid-
caval isthmus (Figure 1B); these are important target structures in atrial flutter ablation. 
By turning the catheter around its axis (clockwise fashion as seen from the operator), 
imaging of the aortic valve, the right ventricular outflow tract and the pulmonary artery is 
feasible (Figure 1C). Long-axis views of both aorta and pulmonary trunks can be imaged in 
the same plane, which is not feasible with TEE. By rotating the catheter clockwise from the 
low right atrium, a short axis view of the coronary sinus can be obtained, while left-to-right 
movements of the ICE catheter provide a long-axis view of this structure (Figure 1D and E). 
When the catheter is further rotated, the next anatomical structure important in interven-
tional cardiology to be recognised is the atrial septum (important for septal puncture, see 
below). By counterclockwise movement of the catheter from this position, imaging of the 
left atrium (LA), mitral valve and left ventricle (LV) is performed (Figure 1F). By increasing 
the depth setting of the catheter with the transducer directed at the left atrial posterior 
wall, imaging of the left and right pulmonary veins (PVs) and the left atrial appendage 
(LAA) is performed from the position of the atrial septum (important for pulmonary vein 
(PV) ablation, see below). As is it sometimes difficult to distinguish between the LAA and 
the left superior PV, Doppler capacities can be used to differentiate.	Finally, by advancing 
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Figure 1
Different views obtained with the ICE transducer in either the RA or the RV. Explanation see text.
Ao: aorta, AP: pulmonary artery, CS: coronary sinus, Eust ridge: Eustachian ridge, IAS: interatrial septum,  
LA: left atrium, LV: left ventricle, Mitr valve: mitral valve, RA: right atrium, RV: right ventricle, RVOT: right ven-
tricular outflow tract, Tric valve: tricuspid valve, VCI: inferior caval vein
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the catheter into the RV, detailed imaging of the LV can be obtained. Both long- and short-
axis views of the LV can be obtained (Figure 1G and H).

Table 1 Applications�of�ICE�in�Interventional�Procedures

• Evaluation intracardiac thrombus 
• Transseptal puncture 
• ASD/PFO closure 
•  Interventional electrophysiological procedures 

– PV ablation in patients with atrial fibrillation 
– Atrial flutter ablation 
– VT ablation

•  Other applications 
– Diagnosis/biopsy intracardiac masses 
– Balloon mitral valvuloplasty 
– Atrial appendage occlusion 
– Visualisation coronary sinus

Detection	of	intracardiac	thrombus
Due to the risk of systemic embolism, evaluation of the presence of intracardiac thrombus 
prior to left-sided procedures is mandatory. The risk of thrombo-embolic events is related 
to the presence of LA spontaneous contrast and a LAA peak emptying velocity ≤20 cm/sec 
3. ICE can serve as an alternative for TEE assessment of LA and LAA function 4. (Figure 2A, 
B). Prior to left sided interventions, the LAA can be evaluated for the presence of thrombus 
(Figure 2C).
The reported incidence of thrombo-embolic complications during left sided interventional 
procedures is approximately 2% 5, possibly as high as 5% in patients with a history of 
transient ischemic attacks 6. Detection of intracardiac thrombus with ICE during left-sided 
interventional procedures is discussed below (see PV ablation).

Transseptal	puncture
Potential life-threatening complications of transseptal puncture include aortic puncture, 
pericardial puncture or tamponade, systemic arterial embolism and perforation of the 
inferior caval vein 7. Accurate visualization of the fossa ovalis reduces the risk of complica-
tions. Especially less experienced operators may find ICE a better imaging modality then 
fluoroscopy, by its ability to accurately visualise the target for transseptal puncture, the 
fossa ovalis 8. The Valsalva manoeuvre during injection of saline/contrast can be performed 
to reveal the presence of a patent foramen (PFO) (Figure 2D). In 10%-20% a PFO is pres-
ent, omitting the need for transseptal puncture (Figure 2E). Positioning of the ultrasound 
catheter in the RA provides a clear vision of the interatrial septum, which consist of a thicker 
part, the limbus and the remains of the primary atrial septum, the fossa ovalis, which is the 
safest target for the transseptal puncture. During the puncture a Brockenbrough needle 
(DAIG Corp) is inserted via a transseptal sheath and dilator system and directed towards 
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Figure 2
A. Spontaneous contrast in the LAA, a risk factor for thrombus formation.
B. Function of the LAA can be determined with phased array ICE, using pulsed wave Doppler.
C. Thrombus in the LAA.
D.  The Valsalva Manoeuvre is performed prior to transseptal puncture to determine the presence of patent 

foramen ovale. Contrast bubbles can be observed in the RA (arrow). The lack of bubbles in the LA confirms 
the presence of a closed foramen. 

E. The catheter is shifted through the septum through a PFO.
F. Tenting of the septum caused by stable contact of the transseptal dilator/needle.
LA: left atrium, LAA: left atrial appendage, RA: right atrium
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the fossa ovalis. The first sign of a stable contact of the transseptal dilator at the oval fossa, 
is “tenting” of the septum at this site (Figure 2F). Successful puncture can be confirmed 
by the appearance of contrast in the LA after contrast injection. After withdrawal of the 
needle a mapping/ ablation catheter can be positioned in the LA.

Guidance	of	closure	of	atrial	septal	defect	(ASD)	and	PFO
Percutaneous transcatheter device closure of ASD and PFO has become a safe and efficient 
alternative to open-heart surgery. Guidance of these procedures by TEE is standard prac-
tise and in recent years several studies have reported the feasibility and safety of ICE for 
guiding these procedures 9 10. The closure of atrial septal defects guided by transesophageal 
echocardiography, without use of fluoroscopy has been described. However, although the 
procedure could be satisfactory performed in most cases without prolongation of proce-
dure times, patients needed to undergo extensive TEE, and significantly higher doses of 
sedation were used 11. Especially for this application, when long and continuous echocar-
diography imaging is required, ICE reduces procedure and fluoroscopy times, does not 
require general anaesthesia and is less discomforting than TEE 9. During these procedures, 
ICE is used to determine the size and location of the defect in relation to cardiac anatomy 
and the presence of rims and septal remnants. Clear visualization of the ASD/PFO, RA, LA, 
sizing balloon and closure device is feasible with a phased array catheter positioned in the 
RA (Figure 3). Deployment of the device can be evaluated using ICE. Particularly when the 
remaining part of the septum is floppy, accurate evaluation of the stability of the closure 
device using Doppler dynamics is necessary before releasing the device. 

Guidance	of	Interventional	Electrophysiology	Procedures
A. PV	isolation	procedures	
The observation that ectopic foci originating in the PVs can initiate atrial fibrillation 12, has 
led to the development of percutaneous catheter ablation strategies aimed at ablation at 
the site of the PVs. Although results are promising, long procedure times and procedure-
related complications, such as PV stenosis, are still challenges for improvement. These 
issues are (in part) related to the fact that the ablation targets, the veno-atrial junctions 
and the PVs or their ostia, are not easily visualized using fluoroscopy. Furthermore, inter-
individual variations in PV anatomy occur, which may require adjustment of the ablation 
strategy. During PV ablation procedures, ICE can provide information on the individual 
PV anatomy, such as the number of PVs, the presence of common ostia and of additional 
PVs, which may influence the ablation strategy in anatomical based isolation procedures 
13 (Figure 4 A,B) Furthermore, ICE can be used to guide ablation catheters. In order to 
deliver optimal radiofrequency energy to the tissue, with a minimum amount of heat loss, 
a firm contact of the catheter tip with the myocardium must be established. It has been 
demonstrated that ICE can assure adequate catheter-tip tissue contact in order to achieve 
transmural ablative lesions 14 and that the use of ICE improves the outcome 15. 
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Figure 3
Closure of a atrial septal defect (ASD) under ICE guidance.
A. Colour Doppler demonstrating an ASD located in the inferior part of the atrial septum
B. Relation of the ASD (arrow) to intracardiac structures
C. Positioning of the Amplatzer closure device
D. After several minutes, flattening of the closure device occurs. The device is positioned stable in between the 
RA and LA.
Ao: aorta, LA: left atrium, RA: right atrium, RV: right ventricle

Another advantage of the use of ICE during these procedures, is the ability to monitor the 
occurrence of acute complications. Potential complications of ablation at the site of the 
PVs are: PV stenosis, thrombo-embolic complications, and perforation with pericardial 
tamponade. Visualisation of micro-bubble	formation is an important characteristic according 
to which power-settings of the radiofrequency energy delivery can be adjusted 15, to ensure 
maximal energy delivery at the lowest risk of PV stenosis (Figure 4C). The occurrence of 
PV stenosis can be monitored by ICE by measuring the ostia of the PV and the systolic and 
diastolic flow velocities prior to and after catheter ablation. Both colour and pulse Dop-
pler qualities can be used to demonstrate flow in the PV (Figure 4D). Although usually 
increases in PV flow velocities do not give significant symptoms and most patients seem 
to return to baseline flow characteristics within 3 months, cases have been reported of 
significant late PV stenosis/occlusion requiring PV stenting 16. In general however, mild 
to moderate acute changes in ostial diameters and hemodynamic parameters caused by 
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acute oedema, do not seem to have significant implications for the occurrence of late PV 
stenosis 17. A recent report demonstrated the utility of intracardiac Doppler assessment of 
LA contractile function and reservoir function to predict the outcome of PV isolation 18.
Finally, another important reason to consider the use of ICE during ablation procedures 
in the LA, is that despite anti-coagulation, left atrial thrombus may occur during left atrial 
interventional procedures, usually by attachment of thrombus material to the stabile posi-
tioned transseptal sheet and/or mapping catheter 19. 

B. Complex	atrial	flutter	ablation
Electrophysiological mapping under guidance of ICE has been able to identify the cavo-
tricuspid isthmus, Eustachian ridge and the terminal crest as anatomical barriers in atrial 
flutter, which cannot be visualized using fluoroscopy 20. Treatment of atrial flutter is per-
formed by linear ablation at the site of the cavo-tricuspid isthmus, thus creating a line of 

Figure 4
A. Left PVs. There is a common ostium of the left PVs (diameter 2.04 cm).
B. Colour Doppler in the right PVs. Three right PVs are visible. 
C.  Ablation catheter at ostium of the left superior PV. Note the presence of micro-bubbles, indicating heat loss 

during ablation.
D. Pulsed wave Doppler measurements of flow in the PVs
LA: left atrium, LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary vein, RA: right atrium,  
RSPV: right superior pulmonary vein, RMPV: right middle pulmonary vein, RIPV: right inferior pulmonary vein
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lesions from the inferior caval vein towards the tricuspid valve annulus (Figure 5A). Stable 
endocardial catheter contact can be confirmed by ICE 21. Next to the presence of an atrial 
flutter circuit based on re-entry around right sided anatomical structures, atrial flutter 
based on a macro-re-entrant circuit surrounding scar tissue can occur, e.g. in patients 
treated for congenital heart disease. In these patients, anomalous cardiac anatomy often 
complicates the treatment of atrial flutter. Particularly in these patients, identification of 
intracardiac structures using ICE, is useful. Figure 5B demonstrates the cavo-tricuspid 
isthmus area in a patient with Ebstein’s anomaly. Due to the low insertion of the tricuspid 
valve leaflet, part of the right ventricle is incorporated in the right atrium (length of the 
“atrialized” ventricle 5.68 cm). 

C. Ablation	of	ventricular	tachycardia	(VT)
Morphologically altered myocardium, for instance the presence of scar tissue or aneu-
rysms after myocardial infarction, and multiple aneurysms as present in arrhythmogenic 
right ventricular dysplasia/cardiomyopathy (ARVD/C), is prone to the formation of re-
entrant circuits. 
The majority of VT’s however is secondary to ischemic heart disease; arrhythmias originate 
either from extensive scars or ischemic border zones after infarction. The regions with scar 
formation are frequently akinetic or dyskinetic (aneurysmatic), which can easily be visual-
ized on ICE (Figure 6). 
Potential complications of VT ablations include thrombo-embolic events, valvular dam-
age, perforation and pericardial tamponade. ICE can be used to guide catheters and for 
continuous monitoring of complications during VT ablation procedures 22 23. The ability of 

Figure 5
A.  The cavo-tricuspid isthmus (double arrow) demonstrated with ICE as the area in between the inferior caval 

vein and the tricuspid annulus.
B.  Imaging of the cavo-tricuspid isthmus area in a patient with atrial flutter and Ebstein anomaly. Due to the 

low insertion of the tricuspid valve leaflet, part of the right ventricle is incorporated in the right atrium  
(A indicates “atrialized” right ventricle).

Ao: aorta, PA: pulmonary artery, Tric valve: tricuspid valve, RA: right atrium, RV: right ventricle



Intracardiac E
chocardiography in Interventional P

rocedures
C

hapter 6

143

phased array ICE catheters to image left sided cardiac structures with the imaging catheter 
exclusively in the right heart is especially advantageous in patients with dilated ventricles, 
in order to evaluate the presence of intracardiac thrombus, without the need of arterial or 
transseptal puncture. Lamberti et al. have reported the use of ICE as an aid in establishing 
the position and stability of the ablation electrode in relation to the anatomic localization 
of the VT in the LV outflow tract, thus avoiding the application of RF current to valvular 
leaflets and coronary arteries 24. Figure 7A-C demonstrates ablation of VT originating 
from the RV outflow tract. Furthermore, ICE can provide additional information to cur-
rently used imaging techniques with regard to tissue characterisation in the diagnosis of 
ARVD/C 25 (Figure 7D). Thus the main value of ICE for guiding VT ablation procedures is 
three-fold: 1) Identification of the substrate, 2) Monitoring of the position of catheters in 

Figure 6
A.  Long axis view of the left ventricle (LV) and an apical LV aneurysm (aneur) in a patient with ventricular 

tachycardia.
B.  Ablation catheter at the site of the LV aneurysm (short axis view), demonstrating perpendicular catheter 

tip-tissue contact
C. Postero-basal LV aneurysm
D. Microbubble formation during ablation, indicating heat-loss.
cath tip: catheter tip
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Figure 7
A.  Position of catheters as seen on fluoroscopy in a patient with VT originating from the right ventricular out-

flow tract (RVOT). 
B.  ICE image of the same patient, demonstrating the position of the ablation catheter in the RVOT.
C.  Electro-anatomical map of the right ventricle (RV) (CARTO). The activation of the RV is colour encoded. 

Red indicates the area of earliest activation in the RVOT.
D.  Imaging in a patient with ventricular tachycardia secondary to ARVD/C. An aneurysmatic area was observed 

at the inferior part of the RV. Early fragmented signals were recorded at this site during tachycardia and 
subsequent radiofrequency catheter ablation was initiated at this site.

aneur: aneurysm, Ao: aorta, AP: pulmonary artery, cath tip: catheter tip, ICE: intracardiac ultrasound catheter, 
RA: right atrium, RVA: right ventricular apex
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relation to cardiac structures, such as valves and coronary arteries and 3) Direct monitor-
ing of procedure-related complications. 

Other	Applications
ICE can also be used as a tool to guide diagnostic evaluation of cardiac masses. Using ICE, 
the extent of the process, its surface and relation to other cardiac structures can be deter-
mined. Furthermore, ICE can guide the biopsy needle and monitor acute complications 
of the biopsy, such as perforation or bleeding 26. Figure 8 demonstrates an example of an 
extensive intracardiac mass. In this patient, several biopsies were obtained guided by ICE. 
Furthermore, initial results on the use of ICE in balloon mitral valvuloplasty 27, LAA exclu-
sion 28 and visualisation of valves in the coronary sinus 29 have been reported. It is in the line 
of expectations that the applications of ICE will expand in accordance with the expanding 
experience with percutaneous transcatheter procedures. 

Summary and Conclusions

With the expanding development of percutaneous interventional procedures in the cathlab, 
accurate on-line identification of intracardiac structures, catheters and devices is manda-
tory. At present, the image modality most commonly used in the cathlab is fluoroscopy, 
which does not allow accurate evaluation of intracardiac structures. Besides TEE, ICE is 
at present the only imaging modality that can provide this information, combined with 
hemodynamic information during the procedures. ICE has several clear advantages over 
the use of TEE, including less patient discomfort, no anaesthesia, allowing communication 
with the patient during the procedure. Recently ICE has been implemented in a growing 

Figure 8
A.  Evaluation of an intracardiac mass by ICE. An extensive mass is present in the RA, which extends over the 

tricuspid annulus to the wall of the RV.
B.  Biopsies were taken under ICE guidance. The final diagnosis was B-cell Non-Hodgkin lymphoma. 
RA: right atrium, RV: right ventricle
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number of interventional procedures. Advantages of the clinical use of ICE are summarized 
in Table 2.

Table 2 Advantages�of�the�clinical�use�of�ICE

–  Accurate visualisation of intracardiac anatomy that cannot be visualised using fluoroscopy
–  Real-time visualisation of catheters and intracardiac devices
–  Direct monitoring of procedure-related complications
–  Assessment of hemodynamic function on-line using Doppler capacities
–  Reduction of radiation exposure for patient and operators
–  No need for anaesthesia

In conclusion, ICE is a valuable tool for guiding percutaneous interventional procedures, 
such as transseptal puncture and placement of closure devices. Efficiency is improved in 
electrophysiological interventional procedures by the ability to identify anatomical struc-
tures and integrate this information with electrophysiological information. Furthermore, 
ICE can be used as a diagnostic tool. Direct detection of intra-procedural complications, 
such as pericardial effusion and cardiac tamponade, is possible with ICE, allowing im-
mediate intervention. Integration of ICE in procedures is likely to result in reduction of 
fluoroscopy and procedure times and improved outcome.
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Abstract

Radiofrequency catheter ablation (RFCA) at the ostia of the pulmonary veins 
(PV) may cure atrial fibrillation. Variations in PV anatomy may complicate 
RFCA and the procedure carries a risk of pulmonary vein stenosis. Intracardiac 
echocardiography (ICE) was used to explore PV anatomy and to monitor PV 
stenosis in 31 patients (age 51±9 yrs) referred for RFCA at PV ostia. Prior to 
RFCA PV anatomy was evaluated by ICE. PV ostia and flow velocities were 
measured pre and post RFCA. A common ostium of the left and right PV was 
observed in 22(71%) and 10(32%) patients respectively. Additional right PV were 
observed in 6(19%) patients. Two patients were not treated with RFCA because 
of suspicion of intracardiac thrombus and in one patient transseptal puncture 
could not be performed because of an aneurysmatic septum. In the 28 patients 
treated, mean ostial diameters of right superior PV and common ostia of left 
PV were significantly smaller after RFCA (14.5±3.1 vs. 13.4±2.9, p<0.01 and 
23.4±4.7 vs. 21.3±3.1, p< 0.05 respectively). For the other veins, ostial diameters 
were slightly but not significantly smaller. Mean systolic peak flow velocities in 
PV after RFCA were not significantly higher in any of the veins, although there 
was a positive trend. In conclusion, ICE can be used to observe interindividual 
variations in number and insertion of pulmonary veins, which may be of relevance 
for determination of the ablation strategy. Although oedema inflicted by 
radiofrequency-current may cause diameter reduction of pulmonary vein ostia, 
this may not have significant hemodynamic consequences.
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Introduction

Atrial fibrillation is the most common arrhythmia and its prevalence increases with age. 
Since the recognition that atrial fibrillation may originate from the pulmonary veins in the 
majority of cases, several treatment strategies have been developed such as radiofrequency 
catheter ablation (RFCA) at the site of the pulmonary veins 1. During these procedures, 
radiofrequency current may be used to either eliminate pulmonary venous ectopic foci 
inside pulmonary veins 2, or to create circular lesions surrounding pulmonary venous ostia 
3. Although acute success rates are reasonable, recurrence of atrial fibrillation may neces-
sitate multiple ablation sessions 1. Furthermore, RFCA inside the pulmonary veins or at 
their ostia may cause pulmonary vein or ostial stenosis, which is asymptomatic in a large 
number of patients, but may evolve into serious symptoms requiring pulmonary venous 
stenting 4. 
In order to prevent pulmonary vein stenosis, accurate visualization of the catheter tip in 
relation to the pulmonary venous ostium is mandatory, which cannot be performed by 
fluoroscopy alone. Intracardiac echocardiography (ICE) has been used to successfully 
guide catheters during RFCA of the pulmonary veins or their ostia 5, and to monitor the 
occurrence of acute pulmonary vein stenosis after RFCA at the site of the pulmonary veins 
6 7. In the current study, we have examined the feasibility of ICE to evaluate left atrial and 
pulmonary vein anatomy prior to RFCA, to guide RFCA surrounding pulmonary venous 
ostia, and to evaluate the hemodynamic consequences of RFCA at the site of the pulmo-
nary veins.

Methods

Patients: The study population consisted of 31 consecutive patients (age 51±9 years, 25 
men) with symptomatic drugrefractory atrial fibrillation who were referred for RFCA encir-
cling the pulmonary vein ostia, in order to isolate the pulmonary veins electrically from the 
left atrium. Patient characteristics are described in Table 1. 

ICE: ICE was performed with an Acunav™ Diagnostic Ultrasound Catheter, connected 
to a Sequoia® ultrasound system (Acuson Corporation, Mountain View, California). The 
ultrasound catheter consists of a miniaturized 64-element, phased array transducer, which 
is incorporated in a 10 French single use catheter. The transducer scans in the longitudinal 
monoplane, providing a 90° two-dimensional sector. Two planes of bi-directional steer-
ing (anterior-posterior and left-right, each in a direction of 160 degrees) are possible by 
using a mechanism on the handle of the catheter. Measurements of hemodynamic and 
physiologic variables can be performed using Doppler imaging. A high resolution multiple 
frequency transducer (5-10 MHz) allows tissue penetration enhancement, thus allowing 
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Table 1 Patient�characteristics

Number of patients 31
Sex 25 male, 6 female
Age (years) 51±9 (range 31-68)
Atrial fibrillation
	 Paroxysmal 17
	 Persistent 10
	 Permanent  4
Duration of atrial fibrillation (years) 5±4 (range 1-25 years)
NYHA class 1/2 31
NYHA class 3/4 –
Mean number of anti-arrhythmic drugs used 3.8±1.6
Amiodarone (number of patients) 23

NYHA: New York Heart Association

Figure 1 
Evaluation of the insertion of the left and right pulmonary veins. A virtual line following the left atrial contour 
was drawn to indicate the border between the left atrium and the pulmonary veins, indicated by the dotted line. 
A.  Separate ostial insertion of the left pulmonary veins. Atrial tissue can be distinguished between the upper 

and lower pulmonary veins. 
B.  Common ostium of the left pulmonary veins. A common truncal part, indicated by the double arrow, can be 

distinguished between the left atrial border, indicated by the dotted line, and the bifurcation of both pulmo-
nary veins. 

C. Separate ostial insertion of the right pulmonary veins. 
D. Common truncal part (double arrow) of the right pulmonary veins.
LA: left atrium, LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, RSPV: right superior pul-
monary vein, RIPV: right inferior pulmonary vein
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depth control. Imaging of the left atrium and pulmonary veins can thus be performed 
with the ultrasound catheter positioned in the right atrium. The ultrasound catheter was 
inserted through the left femoral vein, using a 10 French introducer, and positioned in the 
right atrium. Fluoroscopy was used to guide the catheter into the right atrium. At initia-
tion of all RFCA procedures, left atrial and pulmonary vein anatomy were explored with 
ICE. Ostial insertion was described as either “separate ostia” or, when a common truncal 
part of the upper and lower pulmonary veins was observed, the insertion was described as 
“common ostium”. The border between the left atrium and the pulmonary veins was de-
termined by extrapolating the left atrial contour and drawing a line at the atriovenous junc-
tion (Figure 1). Attention was further paid to the presence of additional pulmonary veins. 
Measurements of pulmonary venous ostia and flow velocities at the ostia were performed 
before and after RFCA to evaluate diameter reduction and hemodynamic consequences 
of RFCA.

Transseptal�puncture: Before transseptal puncture, the presence of intracardiac thrombus 
was examined by ICE. After excluding intracardiac thrombi, the ICE transducer was di-
rected towards the interatrial septum in order to visualize the fossa ovalis. The presence of 
a patent foramen was investigated by the injection of saline during the Valsalva manoeuvre 
after which the passage of bubbles to the left atrium was evaluated. In the absence of a 
patent foramen, a standard transseptal puncture was performed by directing a transseptal 
needle towards the fossa ovalis guided by ICE. An 8 French mapping/ablation catheter 
(Biosense Navistar, Diamond Bar, CA, U.S.A.) was subsequently positioned in the left 
atrium. A 6 French diagnostic catheter was positioned in the right atrium and served as 
reference catheter. 

Radiofrequency�catheter�ablation: RFCA was aimed at electrical isolation of the pulmonary 
veins from the left atrium by creating circumferential lesions at approximately 5 mm from 
the pulmonary vein ostia. Data obtained by ICE were used to determine the ablation strat-
egy. When a common ostium was present, these lesions were targeted to form a circular 
lesion around the common ostium. Additional veins observed by ICE were targeted for 
RFCA as well. Furthermore, a linear ablation lesion was created in between the left and 
right superior pulmonary veins and at the left isthmus between the mitral valve and the left 
inferior pulmonary vein. Temperature controlled (maximum temperature setting 60˚C) 
radiofrequency current was applied via a Stockert generator at each ablation point for 30 
seconds. A 3-D non-fluoroscopic mapping system (CARTO, Biosense Webster, Diamond 
Bar, CA, USA) was used to tag pulmonary veins, to acquire electrophysiological informa-
tion and to mark ablation points. All patients received heparin (activated clotting time 
> 300 seconds, checked hourly) to reduce the risk of thrombo-embolic complications. 
Electrical isolation of the pulmonary veins was confirmed by pacing from the coronary 
sinus and the pulmonary veins. The procedure was considered successful when there was 
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no capture after pacing in the coronary sinus in the pulmonary veins and when the patient 
was in sinus rhythm after the procedure. During the RFCA-procedure the monitors of ICE, 
fluoroscopy and the CARTO system were situated side-by-side opposite the operator, to 
allow comparison and integration of these techniques. 

Statistical�analysis: Data are expressed as mean ± SD. Continuous variables were compared 
using the paired independent Student’s t-test. A P-value <0.05 was considered significant.

Figure 2
A.  Additional right pulmonary vein (diameter 0.47 cm) situated in between the right superior (diameter  

1.05 cm) and inferior (diameter 1.10 cm) pulmonary veins. 
B. A common ostium of the left pulmonary veins. 
C. Common ostium of the right pulmonary veins. 
Add: additional right pulmonary vein, LA: left atrium, LSPV: left superior pulmonary vein, LIPV: left inferior pul-
monary vein, RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein
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Results

Anatomical� observations: In 31 patients a total of 130 pulmonary veins were observed. 
Additional right pulmonary veins were observed only on the right side (Figure 2A). ICE 
provided a longitudinal view of the left pulmonary veins in all patients, whereas either a 
sagital or longitudinal view could be obtained of the right pulmonary veins. When only a 
sagital view was obtained, insertion of right pulmonary veins in the left atrium was more 
difficult to evaluate. A common truncal part of the left or right pulmonary veins of vary-
ing distance could be observed in the majority of patients. An example of a patient with 
a common truncal part of the left pulmonary veins and an example of a common ostium 
of the right pulmonary veins is demonstrated in Figure 2B and 2C. Results of anatomical 
observations are summarized in Table 2.

Measurements�of�pulmonary�venous�ostia�and�systolic�peak�flow�velocities�prior�to�RFCA:� Os-
tial diameters of right pulmonary veins were comparable with those of left pulmonary 
veins. Mean diameters for common ostia were larger than ostia of separate veins. Results 
of measurements of pulmonary vein ostia are listed in Table 3. 
RFCA:	 Eventually 28 of 31 patients were treated with left-sided RFCA. In 2 patients there 
was an enlarged left atrium with spontaneous echo contrast and strong suspicion of the 
presence of a thrombus in the left atrial appendage as observed by ICE. In these patients 
transseptal puncture was not performed and alternative treatment for atrial fibrillation 
was considered. In one patient there was a thin, aneurysmatic atrial septum, which made 
transseptal puncture not feasible and RFCA was not performed. A patent foramen ovale 
was observed in 3 patients and transseptal puncture was performed in 25 patients in order 
to gain access to the left atrium. RFCA was targeted at the ostia of all pulmonary veins, 
including the additional veins identified with ICE. When a common ostium was identified 
with ICE, the ablation points were targeted surrounding the common truncal area of both 
veins (Figure 3). Mean number of ablation points was 73±26 per patient.

Table 2 Anatomical�results

Total number of observed pulmonary veins 130
Mean number of pulmonary veins per patient 4
Total number of observed ostia 95
Pts with additional right pulmonary veins 6(19%)
Pts with additional left pulmonary veins 0
Pts with common ostium right pulmonary veins 10(32%)
Pts with common ostium left pulmonary veins 22(71%)
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Table 3 Diameters�ostia�pulmonary�veins�and�systolic�flow�velocities�measured�with�
intracardiac�echocardiography�pre-and�post�radiofrequency�catheter�ablation

Variable Diameter ostia 
pre-ablation 

(mm)

Diameter ostia 
post-ablation

(mm)

P Systolic peak 
flow velocity 
pre-ablation

(cm/s)

Systolic peak 
flow velocity 

post-ablation
(cm/s)

Left superior 
pulmonary vein

15±4 13±3 NS 44±11 49±13

Left inferior  
pulmonary vein

15±3 13±3 0.054 45±13 50±10

Right superior 
pulmonary vein

15±5 14±3 0.001 47±17 50±14

Right inferior 
pulmonary vein

15±5 15±4 NS 39±9 43±12

Common ostium  
left pulmonary veins

23±5 21±3 0.04 38±13 53±28

Common ostium  
right pulmonary veins

19±5 19±5 NS 42±13 42±11

RFCA: radiofrequency catheter ablation 
NS: not significant

Figure 3
CARTO image after RFCA. The left and right right pulmonary veins are depicted, as well early branches of the 
right pulmonary veins. Ablation points are depicted by red dots. Ablation points have been placed in a wide 
circle around the left and right pulmonary veins. There is a common ostium of the left pulmonary veins. Further-
more, a line of ablation lesions is present at the roof of the atrium between the right and left superior pulmo-
nary veins and towards the mitral annulus (arrow). RSPV: right superior pulmonary vein, RIPV: right inferior 
pulmonary vein, LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein.
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Measurements�of�pulmonary�venous�ostia�and�systolic�peak�flow�velocities�after�RFCA:� After 
the ablation procedure, overall measurements of ostial diameters were smaller when com-
pared to diameters obtained prior to RFCA (Table 3, Figure 4 – upper panel). The ostia 
of the right superior pulmonary veins and the common ostia of the left pulmonary veins 
were statistically significant smaller after RFCA (p<0.001, p<0.05 respectively). The ostium 
of the left inferior pulmonary vein after RFCA tended to be smaller then before RFCA 
(p=0.05).

Figure 4 
Pulmonary venous ostial diameters and systolic peak flow velocities pre-and post RFCA. Common ostia of 
left pulmonary veins and the ostia of right superior pulmonary veins after ablation were statistically significant 
smaller.
Peak systolic flow velocities tended to be higher after RFCA, although not significant.
LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, CO LPV: common ostium left pulmonary 
veins, RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein, CO RPV: common ostium right 
pulmonary veins. 
* p<0.05 , ** p<0.001
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Similarly, mean overall flow velocity measured at the ostia of the pulmonary veins was 
slightly higher after RFCA compared with values prior to RFCA. However, these differences 
were not statistically significant (Table 2, Figure 4 – lower panel). Examples of measure-
ments of pulmonary vein ostia and systolic peak flow velocities prior to and after RFCA, 
are demonstrated in Figure 5. 
After the procedure no signs of pericardial effusion were detected with ICE.Mean proce-
dure time was 268±79 minutes and fluoroscopy time 51±15 minutes. After the RFCA pro-
cedure 26/28 (93%) patients were in sinus rhythm and 20/28 (71 %) after 9.2±5.4 months 
(range 4-20 months) of follow up. During outpatient visits no patients reported symptoms 
suggestive of pulmonary vein stenosis.

Figure 5
Measurements at the level of the common ostium of the left pulmonary veins (A) and systolic peak flow velocity 
(B)
LA: left atrium, LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, CO LPV: common ostium 
left pulmonary veins
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Discussion

In the current study we evaluated pulmonary vein and left atrial anatomy and the occur-
rence of pulmonary vein stenosis in a patient population treated by RFCA using an ostial 
approach. Main observations in this study were: 1) the occurrence of interindividual ana-
tomical variations in pulmonary venous anatomy and insertion in the left atrium, 2) the 
occurrence of pulmonary venous ostial narrowing after RFCA and 3) the lack of significant 
hemodynamic changes in systolic peak flow velocity in pulmonary veins after RFCA com-
pared to velocities prior to RFCA.
The use of ICE for guiding left atrial interventional electrophysiological procedures, has 
been described previously 5 8. During these procedures, ICE can be used to explore the left 
atrium and pulmonary vein anatomy and to evaluate the presence of left atrial thrombi 
prior to the procedure. In our population, two patients were excluded from left atrial abla-
tion because of strong suspicion of intracardiac thrombus, which had not been observed 
with transthoracic echocardiography prior to RFCA. Furthermore, ICE can be used to 
guide transseptal puncture in order to gain access to the left atrium 9 10. The application of 
radiofrequent current targeted outside the pulmonary venous ostium is not feasible using 
fluoroscopy alone, unless repeated contrast injection is supplied 11. Using ICE, the pulmo-
nary venous insertion in the left atrium can be visualised continuously, thus reducing the 
need for fluoroscopy and administration of intravenous contrast.
Variations in number and insertion of pulmonary veins have been described in anatomical 
studies 12 13 as well as in clinical studies using ICE 8 11 14. A limitation of the evaluation of pul-
monary venous insertion is the lack of anatomical boundaries identifying the exact border 
between the left atrium and the pulmonary veins. In our study, we used the extrapolated 
border of the left atrium as boundary between the LA and the pulmonary veins (Figure 1). 
In our study, a common truncal part of left pulmonary veins was visualized in 71% and of 
right pulmonary veins in 31% of patients. Additional right pulmonary veins were observed 
in 19%. The occurrence of right-sided additional veins can probably be linked to drainage 
of the right middle lung lobe. The recognition of variations in pulmonary vein anatomy 
may have implications for the RFCA-strategy. The pulmonary venous wall consists of a thin 
endothelium, a media of smooth muscle and fibrous tissue and a thick adventitia. Mus-
cular sleeves of different lengths may extend distally in the veins 13. The pulmonary venous 
wall is more sensitive to damage inflicted by the application of RF current then the atrial 
myocardium. Consequently, pulmonary vein stenosis is a major complication of RFCA in 
the pulmonary veins 15, and pericardial effusion with cardiac tamponade due to perfora-
tion has been described 16. Therefore, an increasing number of operators choose for an 
approach that aims at applying RF current outside the pulmonary venous ostia. In patients 
with a common truncal part of the pulmonary veins, the application of RF lesions in a large 
circle surrounding the common ostium, may be a more safe procedure then targeting both 
veins separately, which carries a risk of damaging the vessel wall. Furthermore, the pres-
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ence of electrical connections between pulmonary veins has been described, in which case 
isolation of contiguous separate veins or additional veins is required to achieve successful 
disconnection 17. The application of RF current may cause the formation of oedema of the 
myocardium or the vessel wall 18, which may lead to several degrees of acute stenosis 7 19. 
However, this stenosis caused by the formation of acute oedema does not seem to be a 
predictor of the occurrence of chronic stenosis 6 7, and swelling usually resolves within 4 
weeks 18. Furthermore, as was demonstrated in the current study, even the occurrence of 
statistically significant acute stenosis (as evidenced by significant diameter reduction of 
the PV ostium) may not have significant hemodynamic consequences, since a statistically 
significant increase in pulmonary venous systolic peak flow velocities measured at the ostia 
after RFCA was not observed. In our study, late follow-up imaging after RFCA was not 
performed. However, at mean late follow-up, none of the patients expressed symptoms 
suggestive for pulmonary vein stenosis.
In conclusion, ICE is a safe and feasible method to guide RFCA outside pulmonary venous 
ostia. ICE can be used to explore left atrial and pulmonary vein anatomy, guide trans-
septal puncture, to guide catheters at the pulmonary venous ostia and to continuously 
monitor the occurrence of acute complications. Interindividual variations in number of 
pulmonary veins and the insertion in the left atrium occur, which may be of relevance for 
determination of the ablation strategy. Although oedema inflicted by the application of 
radiofrequency-current at pulmonary venous ostia may cause acute significant anatomical 
diameter reduction of pulmonary vein ostia, this may not have significant hemodynamic 
consequences.
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Abstract

Objectives: To perform a head-to-head comparison between multi-slice 
computed tomography (MSCT) and intracardiac echocardiography (ICE).

Background: Different imaging techniques have been used to visualize the 
pulmonary veins (PV) prior to radiofrequency ablation of atrial fibrillation.

Methods: The PV and their atrial insertion were evaluated in 42 patients (35 
men, 49±9 years) admitted for ablation of PV ostia. Ostia were measured in 2 
directions (anterior-posterior (AP) and superior-inferior (SI)) with MSCT. 2-D 
measurements of PV ostia were performed with ICE. Results were compared, 
considering MSCT as the gold standard. Venous ostium indexes were calculated 
by dividing MSCT-measurements in AP-direction and SI-direction.

Results: Common ostia of left PV were observed in 33(79%) patients with 
MSCT and 31(74%) patients with ICE. Common ostia of right PV were observed 
in 13(31%) and 16(38%) patients, respectively. Additional PV were observed in 
13(31%) patients with MSCT and in 7(17%) patients with ICE. Ostial diameters 
by MSCT in AP-direction were similar to 2-D measurements by ICE. By contrast, 
diameters by MSCT in SI-direction were significantly larger than 2-D diameters 
measured with ICE. Venous ostium indexes were 0.77±0.18 and 0.90±0.15 
(p<0.01) for left and right PV respectively, indicating an oval shape of particularly 
left PV ostia. 

Conclusions: Variation in PV anatomy is frequently observed with both 
techniques. The sensitivity for detection of additional branches is higher for 
MSCT. Results of measurements of PV ostia suggest an underestimation of ostial 
size by ICE. 3-D imaging techniques, such as MSCT, are required to demonstrate 
an oval shape of PV ostia. 
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Introduction

Radiofrequency catheter ablation (RFCA) is a potentially curative treatment modality for 
atrial fibrillation originating in the pulmonary veins1. RFCA for atrial fibrillation can be 
aimed at either eliminating ectopic pulmonary venous foci 2 3 or at electrical isolation of 
pulmonary veins 4. For proper targeting of radiofrequency lesions, accurate visualisation 
and knowledge about pulmonary vein anatomy is necessary. Fluoroscopy alone cannot 
provide sufficient information on intracardiac anatomical structures such as the pulmo-
nary venous ostia. 
In recent years, the value of different imaging techniques to guide RFCA procedures has 
been recognized. For the acquisition of anatomical information of pulmonary vein anat-
omy prior to RFCA, 3-D imaging techniques, such as multi-slice computed tomography 
(MSCT), have been applied 5. MSCT has proved to be able to provide accurate and de-
tailed information of pulmonary vein anatomy 6. 
On-line acquisition of anatomical information regarding left atrial and pulmonary vein 
anatomy can also be obtained by intracardiac echocardiography (ICE) 7 8. Advantages of 
this imaging technique include the possibility to obtain on-line information of left atrial 
anatomy and pulmonary veins in relation to ablation catheters, the potential to assess 
hemodynamic function and the monitoring of acute complications, such as pericardial 
effusion and acute pulmonary vein stenosis. 
Thus, both MSCT and ICE can be used for imaging of the pulmonary veins and their ostia 
prior to RFCA, and to obtain quantitative information. To date, there is limited informa-
tion on the comparison between MSCT and ICE. In the current study, considering MSCT 
as the gold standard, we have compared the ability of both techniques to: 1) provide 
anatomical information regarding pulmonary vein anatomy in patients admitted for pul-
monary vein isolation for atrial fibrillation, and 2) compare measurements of the ostia of 
the pulmonary veins in 2 directions obtained with MSCT with 2-D measurements obtained 
with ICE. 

Patients and Methods

Study�population. The study population consisted of 42 consecutive patients (35 men, age 
49±9 years, range 24-68) with symptomatic drug-refractory atrial fibrillation, admitted 
for RFCA aimed at electrical isolation of the pulmonary veins by the application of radio-
frequency current at the pulmonary venous ostia. Mean duration of atrial fibrillation was 
5±4 years (range 1-25). Atrial fibrillation was paroxysmal in 28 patients, persistent in 10 
and permanent in 4 patients. Mean left atrial size was 4.4±0.8 cm. Mean number of anti-
arrhythmic drugs used was 3.8±1.6 per patient. Mean left ventricular ejection fraction was 
62.8±9.6%.Thirteen patients had a history of heart failure (NYHA class 1-2); heart failure 
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was due to tachycardia induced cardiomyopathy in 5 of these patients. One patients had a 
history of coronary artery disease, in 14 patients mild valvular disease was present (mitral 
regurgitation grade 1-2). Four patients had a pacemaker. 

Multi-slice�Computed�Tomography. MSCT was performed using a Toshiba Multi-slice Aq-
uilion system (Toshiba Medical Systems, Otawara, Japan), with either a 4-slice (16 pa-
tients) or a 16-slice (26 patients) system two days prior to RFCA. Non-ionic contrast ma-
terial (Xenetix 300, Guerbet, Aulnay S. Bois, France) was injected in the antebrachial vein 
(160 ml, flow rate 4.0 ml/sec.). Cranio-caudal scanning (coverage length 80-120 mm) was 
performed at the level of the atria using simultaneous acquisition of 4 sections with a col-
limated slice thickness of 2 mm or 16 sections with a collimated slice thickness of 0.5 mm 
respectively. Helical pitch was 1 mm/0.5 sec for the 4-slice scanner and 4 mm/0.5 sec. for 
the 16-slice scanner. Rotation time was 400 to 600 ms (dependant on the patient’s heart 
rate) and tube voltage was 120 kV at 250 mA. Scanning was performed during breath-hold-
ing. A segmental reconstruction algorithm was used to allow for the inclusion of patients 

Figure 1
Evaluation of pulmonary venous ostial insertion in 3 different orthogonal planes in a patient with separate in-
sertion of both left and right pulmonary veins in the left atrium. The dotted line depicts the extrapolated outer 
left atrial border. A. Sagittal plane. Both left pulmonary veins enter the left atrium separately. B. Coronal plane 
and C. Transversal plane. D. 3-D reconstruction. No common truncal part is observed in any plane before the 
veins enter the left atrium. Left atrial insertion of these veins was therefore designated as separate. 
LA: left atrium, LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary vein, RIPV: right inferior pulmo-
nary vein, RSPV: right superior pulmonary vein 
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with a range of heart rates. Retrospective ECG-gating was performed to eliminate cardiac 
motion artefacts. Data acquisition was completed in 20 seconds. Data reconstruction was 
performed on a Vitrea post-processing workstation (Vital images, Plymouth, Mn, USA) 
with use of 2-D viewing modes and 3-D reconstructions.
Reconstructions were evaluated in three different orthogonal planes (transversal, sagittal 
and coronal) or with angulated multiplanar reformat. In addition, pulmonary vein anato-
my was evaluated using 3-D reconstructions. 

Intracardiac� Echocardiography. Intracardiac echocardiography was performed with an 
Acunav™ Diagnostic Ultrasound Catheter, connected to a Sequoia® ultrasound system 
(Acuson Corporation, Mountain View, California). The ultrasound catheter consists of a 
miniaturized 64-element, monoplane phased array transducer, which is incorporated in 
a 10 French single use catheter. This catheter was positioned in the right atrium through 
the left femoral vein. On initiation of each RFCA-procedure, pulmonary vein anatomy was 
explored with ICE and measurements of pulmonary vein ostia were performed.

Figure 2
Common ostium of the left pulmonary veins, as evaluated in 3 different orthogonal planes and a 3-D recon-
struction using MSCT. A. sagittal plane. The superior and inferior pulmonary veins have united to form a 
common truncus before entering the left atrial body. B. Coronal plane, C. Transversal plane, D. 3-D reconstruc-
tion. A common truncus of the left pulmonary veins can be observed in all orthogonal planes and on the 3-D 
reconstruction.
LA: left atrium, LAA: left atrial appendage, LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary 
vein, RIPV: right inferior pulmonary vein, RSPV: right superior pulmonary vein
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Definitions. For the evaluation of the pulmonary venous ostia, the following definitions 
were used. 
MSCT: A line following the outer contour of the LA was drawn in different orthogonal 
planes in order to determine wether there was a separate or common insertion of the 
pulmonary veins in the left atrium. If the pulmonary venous ostia entered the left atrium 
separately outside this line, the ostia were defined as being “separate ostia” (Figure 1). 
When the pulmonary veins united before entering the drawn outer left atrial contour in the 
transversal, coronal and sagittal orthogonal plane, the ostium was defined as a “common 
ostium” (Figure 2). “Additional PV” were defined as entering the LA in separate ostia. 
“Early branching” was defined as branching of the pulmonary vein within 1 cm of the 
bifurcation of the pulmonary veins. 
ICE: Similar to MSCT, the site of the atriovenous border was determined by extrapolation of 
the outer border of the left atrium, and a line was drawn at the junction of the pulmonary 
veins with the left atrium. If atrial tissue could be distinguished between the ostia of both 

Figure 3
Method used to determine pulmonary vein ostial insertion in the left atrium, using ICE. The dotted line depicts 
the extrapolated outer left atrial border. Figures A and B represent separate insertion of left and right pulmo-
nary veins respectively, whereas C and D demonstrate a common ostium of the left and right pulmonary veins 
respectively.
LA: left atrium, LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary vein, RIPV: right inferior pulmo-
nary vein, RPV: right pulmonary veins, RSPV: right superior pulmonary vein



M
ulti-Slice C

T
 versus Intracardiac E

cho
C

hapter 8

169

pulmonary veins, the ostia were defined as “separate ostia”. When a common truncal part 
was present before entering this line, the ostia were defined as “common ostia” (Figure 3). 
For right pulmonary veins, evaluation of ostia was not always possible in this way, as the 
right PV are situated in close proximity with the interatrial septum and often make a sharp 
angle with this structure. Therefore, it is not always possible to obtain longitudinal views, 
as is possible for the left PV. When the ICE-transducer was positioned at the bifurcation of 
both right PV and a common trunk could be visualized, then the ostia of the right PV were 
defined as “common ostia”. Similar to MSCT, “additional pulmonary veins” enter the LA 
in separate ostia and “early branching” was defined as branching of the pulmonary vein 
within 1 cm of the bifurcation of the pulmonary veins.

Quantative�Measurements. For MSCT,	measurements of the PV ostia in two directions were 
obtained, being (1) the anterior-posterior-direction and (2) the superior-inferior direction. 
Multiplanar reformatting was used to obtain these measurements in 2 perpendicular di-
rections (Figure 4). Furthermore, the ratio between these measurements, the venous	ostium	
index, was calculated in order to obtain information on the shape of the ostium. The more 
the venous ostium index deviates from the value 1, the more asymmetrical the shape of the 
ostium. 
ICE:	On the 2-D images obtained by ICE, the largest possible diameter of the PV ostium 
was measured (Figure 3 and 4). Measurements of pulmonary vein ostia by ICE were com-
pared with both anterior-posterior diameters and superior-inferior diameters obtained 
with MSCT.
All measurements were performed in consensus by two observers. The observers respon-
sible for evaluation of the ICE data were blinded for the MSCT data and vice versa. 

RFCA. RFCA was aimed at electrical isolation of all pulmonary veins from the left atrium 
by the circumferential application of ablation points aimed ± 5 mm outside the ostium of 
the pulmonary veins. Radiofrequency current was applied via a Stockert-Cordis (Freiburg, 
Germany) generator at each ablation point for 30 seconds, with maximum temperature 
setting at 60° C and maximum radiofrequency energy 50 W. ICE was used to exclude 
the presence of intracardiac thrombus, to guide transseptal puncture and to evaluate the 
anatomy of the pulmonary veins prior to RFCA. After the evaluation of the pulmonary 
venous anatomy and measurements of the ostia by ICE, the ablation strategy was planned 
using data obtained with both MSCT and ICE. If a separate pulmonary venous insertion 
was observed with both techniques, radiofrequency current was targeted to form sepa-
rate circles surrounding the pulmonary venous ostia. If a common ostium was observed 
with one or both techniques, ablation points were targeted in a large circle surrounding 
the common ostium. All additional pulmonary veins observed were targeted as well. Dur-
ing the procedure, the MSCT scan was placed on a light panel opposite to the operator. 
On-line information obtained by ICE was used to monitor catheter navigation in the left 
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Figure 4
Measurements of the left inferior pulmonary vein (LIPV) with MSCT in 2 directions (upper and middle panel) 
using multiplanar reformatting, and with ICE (lower panel).
Upper	panel:	Measurements in anterior-posterior direction in the transversal orthogonal plane. The green line is 
placed parallel to the left inferior pulmonary vein, and depicts the coronal plane, which is used to measure the 
ostium in the superior-inferior direction (middle	panel).	Lower	panel: Measurement of the LIPV (left panel) and of a 
common ostium of the left pulmonary veins (right panel) using ICE.
AP: anterior-posterior, ICE: intracardiac echocardiography, LA: left atrium, LSPV: left superior pulmonary vein, 
MSCT: multi-slice computed tomography, SI: superior-inferior
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atrium and to evaluate the position of the ablation catheter in relation to the ostia of the 
pulmonary veins. When micro-bubbles were observed, the application of radiofrequency 
current was stopped and the catheter was repositioned in an attempt to provide better 
catheter-tip tissue contact. Furthermore, ICE was used to monitor the occurrence of acute 
complications during the procedure. A 3-D non-fluoroscopic mapping system (CARTO, 
Biosense Webster, Diamond Bar, CA, USA) was used to tag pulmonary veins, to acquire 
electrophysiological information and to mark ablation points. Tagging of the pulmonary 
veins was guided by the information of MSCT and ICE imaging, concerning number and 
insertion of pulmonary veins. The procedure was designated successful when there was no 
capture in the pulmonary veins and left atrium after pacing in the left atrium or pulmonary 
veins, respectively and when the patient was in sinus rhythm after the procedure. All pa-
tients received heparin (activated clotting time 2-3 times baseline value, checked hourly).

Statistical�analysis. Statistical analysis was performed using Microsoft Excel spreadsheets 
and SPSS 11.0 software for Windows.�Data are expressed as mean ± SD. Diameters of 
pulmonary vein ostia measured on line with ICE prior to ablation were compared with 
measurements in anterior-posterior direction performed with MSCT, and with measure-
ments performed in superior-inferior direction with MSCT, using the paired Student’s T-
test. This test was also used for comparisons between the measurements in two directions 
performed with MSCT. Bland Altman analysis was used quantify the level of agreement 
between measurements with ICE and measurements with MSCT in both anterior-posterior 
and superior inferior direction. All tests were two-tailed and a P-value <0.05 was consid-
ered significant.

Results

Pulmonary�vein�anatomy:� In 42 patients, a total number of 181 pulmonary veins was ob-
served with MSCT and 175 pulmonary veins with ICE.
In all patients, at least 4 veins could be identified with both techniques (Table 1).
Additional	veins: Additional veins were observed more frequently on the right side with both 
ICE and MSCT. However, additional right veins were observed in 12(29%) patients with 
MSCT as compared to 7(17%) with ICE. Considering MSCT as the gold standard, the 
sensitivity of ICE to demonstrate additional right pulmonary veins was 7/12(58%). In one 
patient, an additional left pulmonary vein was observed with MSCT, which was not recog-
nized by ICE. Figure 5 (upper panel) demonstrates a MSCT image of a patient with an ad-
ditional right pulmonary vein and the visualization of the right pulmonary veins with ICE.
Early	branching: An early branching pattern of the right pulmonary veins was observed in the 
majority (83%) of patients with MSCT, but was only recognized in 19(45%) patients with 
ICE (sensitivity 19/35(54%)). An early branching pattern of the left pulmonary veins was 
observed in 5(12%) with both MSCT and ICE.
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Table 1� Anatomical�results�MSCT�versus�ICE

MSCT ICE
Total number of observed PV 181 175
Mean number of PV/pt 4.3±0.6 4.2±0.4
Pts with additional RPV 12(29%) 7(17%)
Pts with additional LPV 1(3%) 0
Pts with early branching RPV 5(12%) 5(12%)
Pts with early branching LPV 35(84%) 19(45%)
Pts with common ostium RPV 13(31%) 16(38%)
Pts with common ostium LPV 33(79%) 31(74%)

LPV: left pulmonary veins, pts: patients, PV: pulmonary veins, RPV: right pulmonary veins

Figure 5
Upper	panel: Additional right pulmonary vein (arrow), as observed with MSCT (A) and with ICE (B).
Lower	panel: Common ostium (double arrow) of the left pulmonary veins, as observed with MSCT (C) and with 
ICE (D). 
LA: left atrium, LIPV: left inferior pulmonary vein, LSPV: left superior pulmonary vein, RIPV: right inferior pulmo-
nary vein, RSPV: right superior pulmonary vein 
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Common	ostia: Before entering the left atrium, often both left and right-sided veins united in 
a short or long common trunk. Such a common ostium of the upper and lower pulmonary 
veins was observed more often in the left pulmonary veins with both techniques. Com-
mon ostia of left pulmonary veins were observed in 33(79%) patients with MSCT and in 
31(74%) patients with ICE. Common ostia of right pulmonary veins were seen in 13(31%) 
of patients with MSCT and in 16(38%) of patients with ICE. In 3 cases, visualisation of 
right-sided pulmonary veins was laborious, and ostia appeared confluent. These patients 
were scored by the observers as common ostia, whereas separate ostia were identified us-
ing MSCT. Figure 5 (lower panel) demonstrates images obtained with MSCT and ICE in 
a patient with a common ostium of the left pulmonary veins and of the right pulmonary 
veins. 
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Figure 6
Bland Altman analysis of measurements performed with MSCT and ICE in AP-direction (left panel) and in  
SI-direction (right panel). The difference between all measurements performed with MSCT and with ICE was 
within 2 standard deviations from the average difference for the majority of measurements. 

Quantitative�measurements:� Average measurements of pulmonary venous ostia in ante-
rior-posterior direction performed with MSCT were similar to measurements in the largest 
directions performed with ICE, except for measurements in the left inferior PV. When both 
left veins were compared with measurements performed with MSCT in anterior-posterior 
direction, this difference was no longer significant. On the contrary, measurements per-
formed with MSCT in superior-inferior directions were significantly larger than measure-
ments performed with ICE in the largest direction (Table 2). The difference between all 
measurements performed with MSCT and with ICE was within 2 standard deviations from 
the average difference for most measurements, as was demonstrated with Bland Altman 
analysis (Figure 6).
Calculations of the venous ostium indexes (ratios of measurements of pulmonary vein os-
tia in anterior-posterior and in superior-inferior direction) as measured with MSCT, dem-
onstrated that the venous ostium indexes of the left PV were significantly smaller than the 
venous ostium indexes of the right pulmonary veins, indicating a more oval shape of left 
pulmonary vein ostia (Table 3). The diameters in the superior-inferior direction were sig-
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Table 2� Measurements�Ostia�Pulmonary�Veins:�MSCT�versus�ICE

MSCT
AP-diameters

(mm)

MSCT
SI-diameters

(mm)

ICE
diameters 

(mm)

AP diameter  
MSCT vs. ICE

P-value

SI-diameter  
MSCT vs. ICE

P-value

LSPV 14.6±3.0 19.0±3.8* 14.3±3.9 NS <0.01
LIPV 12.8±3.0 17.1±2.9* 14.3±3.0 < 0.01 <0.01
Both LPV 13.7±3.1 18.0±3.5* 14.3±3.5 NS <0.01
RSPV 16.5±3.2 19.2±2.8* 15.9±4.7 NS <0.01
RIPV 16.6±3.9 18.2±3.7* 15.4±4.3 NS <0.01
Both RPV 16.6±3.6 18.7±3.3* 15.7±4.5 NS <0.01
LCO 20.4±7.5 26.8±6.8* 24.3±3.9 NS NS
RCO 25.9±7.5 33.5±7.6* 21.6±7.3 NS <0.05
Add RPV 7.4±1.6 7.6±2.0 8.5±1.8 NS <0.05
Add LPV 11.0 10.1 – – –
All PV 15.1±3.6 18.4±3.4* 14.9±4.0 NS <0.01

* Significantly larger compared to AP-diameters. 
Add RPV = additional right pulmonary veins, Add LPV = additional left pulmonary veins, AP: anterior-posterior, 
LCO: left common ostium, LIPV: left inferior pulmonary vein, LPV:left pulmonary veins, LSPV: left superior 
pulmonary vein, NS: not significant, PV = pulmonary veins, RCO: right common ostium, RIPV: right inferior 
pulmonary vein, RPV: right pulmonary veins, RSPV: right superior pulmonary vein, SI: superior-inferior

Table 3 Indexes�of�diameters�measured�in�anterior-posterior�and�superior-inferior�direction�
of�pulmonary�venous�ostia,�as�measured�with�MSCT

Vein Index AP/SI diameters
LSPV 0.79±0.20*
LIPV 0.75±0.16**
Both LPV 0.77±0.18†
RSPV 0.88±0.13
RIPV 0.92±0.16
both RPV 0.90±0.15
CO LPV 0.89±0.63 
CO RPV 0.82±0.30
Add LPV 1.09
Add RPV 1.02±0.27

Add PV: additional pulmonary veins, AP: anterior-posterior, LCO: left common ostium, LIPV: left inferior 
pulmonary vein, LPV: left pulmonary veins, LSPV: left superior pulmonary vein, RCO: right common ostium,  
RIPV: right inferior pulmonary vein, RPV: right pulmonary veins, RSPV: right superior pulmonary vein,  
SI: superior-inferior,
*   p<0.05 vs. RSPV
**  p<0.01 vs. RIPV
†  p<0.01 vs. both RPV
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nificantly larger than the diameters in the anterior-posterior direction, indicating the long 
axis of the ostia to be in the superior-inferior direction (Table 2).	Right-sided additional 
veins were significantly smaller as the “native” veins, and venous ostium indexes indicated 
a round shape of these ostia (1.02±0.27). As the monoplane ICE transducer provides only 
2-D images, multidimensional information cannot be obtained by ICE. 

RFCA:� Eventually 36 patients were treated with RFCA for pulmonary vein isolation. In 5 
patients left-sided RFCA was not performed because of the presence of left atrial thrombus 
detected by ICE (2 patients), the inability to perform transseptal puncture (1 patient) and 
the induction of only atrial flutter (1 patient) or atrial tachycardia (1 patient), for which 
right atrial isthmus ablation and focal ablation of atrial tachycardia were performed, re-
spectively. In 1 patient the procedure was terminated because of recurrent strong vagal 
response with hypotension and severe bradycardia during the application of radiofrequen-
cy current. Procedural success was achieved in 34/36(94%) of patients. Mean procedure 
time was 252±76 minutes and mean fluoroscopy time 49±14 minutes. In 3 patients, mild 
pericardial effusion (<1.5 cm) was observed at the end of the procedure, without hemody-
namic consequenses. This effusion resolved on follow-up transthoracic echocardiography. 
No complications were observed during the first 48 hours after the procedure. At 6 months 
follow-up, 23/36 (64%) patients were in sinus rhythm. 
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Discussion 

In this study, we have compared the ability of MSCT and ICE to obtain both anatomi-
cal and quantitative information on the pulmonary veins prior to radiofrequency catheter 
ablation. Considering MSCT as the gold standard, main findings of this study are: 1) a 
higher sensitivity of MSCT to detect additional veins and right-sided early pulmonary ve-
nous branches and 2) an underestimation of pulmonary venous ostial size using ICE. 

Anatomical� information: At present, there is no generally accepted definition which de-
fines the exact border between the left atrial body and the pulmonary veins. Also, data on 
the exact prevalence of pulmonary vein variability is scarce. In general common ostia are 
observed more frequently on the left side, while the presence of additional veins and early 
branching is described more often for right sided veins 5 6 9-11, which agrees with data in the 
current study. Although variations in pulmonary vein anatomy were observed with both 
MSCT and ICE, additional pulmonary veins were observed more frequently with MSCT. 
Furthermore, an early branching pattern of right sided pulmonary veins was more often 
observed by MSCT. These data are in line with recent observations 12. In our experience, 
evaluation of the left sided pulmonary veins with ICE is more easily performed than evalu-
ation of the right-sided veins. This may be attributed to the fact that the right-sided veins 
often make a sharp angle with the interatrial septum, thus limiting a longitudinal evalua-
tion using the monoplane ICE transducer.
Knowledge of the existence of additional pulmonary veins may have implications for the 
RFCA strategy. Since arrhythmogenic capacities have been demonstrated in additional 
right pulmonary veins 13, targeting of these veins during RFCA procedures may improve 
procedural success rates. 

Quantitative�information: Main observations regarding quantitative data comparing both 
techniques demonstrated that the average measurements in anterior-posterior direction 
performed with MSCT were similar to measurements performed in the largest direction 
with ICE. Furthermore, average ostial diameters in superior-inferior direction as measured 
by MSCT were larger as compared to the monoplane measurements in the largest direc-
tion performed with ICE, indicating that ICE may underestimate the true ostial size in the 
largest direction. This hypothesis is supported by the fact that the venous ostium indexes 
(ratios of the measurements in two directions obtained by MSCT) were indicative of an 
oval shape of especially the left, and to a lesser extent the right, pulmonary venous ostia, 
with the long axis in the superior-inferior direction. These data agree with data reported by 
Witkampf et al. 11. Consequently, using a monoplane intracardiac ultrasound transducer, 
pulmonary veins may appear smaller than their true dimensions. Intracardiac 3-D echocar-
diography may be a solution for this problem 14. 
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RFCA:� An advantage from 3-D imaging with MSCT is the ability to accurately evaluate the 
pulmonary venous ostial dimensions prior to the ablation procedure, since the ostia can 
be observed in different orthogonal planes. Three-dimensional reconstructions of these 
images may provide a roadmap for targeting ablation points during RFCA, whereas infor-
mation on ostial shape and size may also be useful to determine the size of Lasso catheters. 
Detailed knowledge of individual 3-D morphology of the pulmonary veins may also con-
tribute to improved clinical success rate of pulmonary vein isolation 15. Additionally, ICE 
can be useful to exclude thrombus in the left atrial appendage, guide transseptal puncture, 
provide on-line information on the position of catheters and pulmonary vein hemody-
namics pre-and post RFCA. Some authors recommend the adjustment of radiofrequency 
power settings according to the appearance of microbubbles detected by ICE 7. 
Besides MSCT and ICE, electro-anatomical mapping using 3-D non-fluoroscopic map-
ping systems have become important tools for guiding electrophysiological ablation pro-
cedures. These systems have the advantage that catheter navigation can be traced on-line 
and correlated to local electrograms 16 17. New technology is able to use CT-information 
on-line 18 and a future application is the integration of activation maps on 3-D CT images 
and the fusion of real-time ICE images with images obtained by CT/MRI 19. 

Conclusions: Variation in pulmonary vein anatomy is frequently observed with both MSCT 
and ICE. The sensitivity for detection of additional branches and right-sided early branch-
ing is higher for MSCT. Measurements performed in the anterior-posterior direction using 
MSCT agree with measurements performed with ICE in the largest direction, whereas aver-
age measurements in superior-inferior direction performed with MSCT are significantly 
larger then average measurements performed with ICE, suggesting underestimation of true 
ostial size by ICE. 3-D imaging techniques, such as MSCT, are required to demonstrate an 
asymmetrical shape of pulmonary vein ostia. The integration of MSCT data with on-line 
information obtained by ICE may optimize the treatment of atrial fibrillation by RFCA at 
pulmonary vein ostia.
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Abstract

Objectives: To evaluate the value of multi-slice computed tomography (MSCT) 
to depict the cardiac venous anatomy.

Background: During cardiac resynchronisation therapy (CRT), left ventricular 
(LV) pacing is established by a pacemaker lead in a tributary of the coronary 
sinus (CS).  Knowledge about the CS anatomy and variations may facilitate the 
implantation of LV leads. 

Methods: MSCT-scans of 38 patients (34 men, age 60±12 years) were studied. 
Anatomical variants were divided in 3 groups, dependent on the continuity of the 
cardiac venous system at the crux cordis. The CS-ostium and distances between 
the main tributaries were measured.

Results: The most frequently observed variant had a separate insertion of the 
CS and the small cardiac vein in the right atrium (24(63%) patients). In 11(29%) 
patients, there was continuity of the anterior and posterior venous system at 
the crux cordis. In 3(8%) patients, the posterior interventricular vein (PIV) did 
not connect to the CS. The mean distance from the PIV to the posterior vein of 
the left ventricle (PVLV) was 42.4±18.1mm, from the PVLV to the left marginal 
vein (LMV) 39.9±15.6mm, and from the LMV to the anterior interventricular 
vein  45.4±15.3mm. The diameter of the CS ostium was 12.6±3.6mm in anterior-
posterior and and 15.5±4.5mm in superior-inferior direction (p<0.01).  

Conclusions: The anatomy of the CS and its tributaries can be evaluated using 
MSCT. As substantial variation in anatomy was observed, pre-implantation 
knowledge of the venous anatomy may help to decide whether transvenous LV 
lead placement for CRT is feasible.
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Introduction

In cardiac resynchronisation therapy (CRT), left ventricular (LV) pacing is achieved by 
positioning the LV lead in one of the tributaries of the coronary sinus. Although the success 
rate for transvenous LV lead placement is relatively high (88-95% in large clinical trials), in 
5-12% of patients the procedure does not succeed1, and these numbers may be higher in 
inexperienced centers. Failure of LV lead placement has been attributed to the inability to 
insert catheters in the coronary sinus and the lack of suitable side branches1 2. Knowledge 
of the cardiac venous anatomy prior to these procedures may facilitate LV lead positioning. 
In addition, it has been demonstrated that the success of CRT is related to the ability 
to improve ventricular function by lowering the degree of dyssynchrony1. However, the 
optimal pacing site with respect to dyssynchrony improvement (site of latest activation 
within the LV) may not always have a suitable vein. In this case, a surgical approach may 
be preferred2 3.
MSCT has become an important tool for non-invasive evaluation of cardiovascular 
structures4. However, no data are currently available on the use of MSCT to visualize the 
coronary venous anatomy. The aim of this study was to evaluate the feasibility of MSCT to 
depict the venous drainage system of the heart: the coronary sinus and its tributaries.

Methods

Study�population:� The anatomy of the cardiac venous system was studied in 38 patients 
(34 men, age 60±12 years) in whom MSCT-scanning was performed for non-invasive 
evaluation of coronary artery disease (n=18), evaluation of the pulmonary veins prior to 
radiofrequency catheter ablation of atrial fibrillation (n=10) and in 10 patients with severe 
heart failure (mean LV ejection fraction 29±5%) and who are considered for CRT. Three 
patients had a pacemaker.

Multi-slice� computed� tomography:� MSCT was performed with a 16-slice Toshiba Multi-
slice Aquilion 0.5 system (Toshiba Medical Systems, Otawara, Japan). Non-ionic contrast 
material (Xenetix 300, Guerbet, Aulnay S. Bois, France) was used. Scanning was performed 
using simultaneous acquisition of 16 sections with a collimated slice thickness of 0.5 mm. 
Helical pitch was 4 mm/0.5 sec, rotation time was 400 to 600 ms and tube voltage was 
120 kV at 250 mA. A segmental reconstruction algorithm allowed inclusion of patients 
with a range of heart rates without the need for pre-oxygenation or beta-blocking agents. 
Retrospective ECG-gating was performed to eliminate cardiac motion artefacts. Data 
reconstruction was performed on a Vitrea post-processing workstation (Vital images, 
Plymouth, Minnesota, USA). The scans were evaluated in consensus by two observers.
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Anatomic�observations:� The anatomy of the coronary sinus and its tributaries was studied 
in relation to the crux cordis. The tributaries of the cardiac venous system (Figure 1A) 
were identified on volume rendered reconstructions. Hereafter, the course of the veins was 
evaluated in 3 orthogonal planes and using multiplanar reformatting (MPR). Each patient 
was designated to one of 3 groups of variable anatomy (modified after Von Ludinghausen, 
Figure 1B)5.

Variant	1:	 	Continuity of the cardiac veins at the crux cordis. The small cardiac vein connects 
to the coronary sinus at the crux cordis.

Variant	2:	 	The small cardiac veins and/or the anterior cardiac veins enter the right atrium 
(RA) independently from the coronary sinus. The posterior interventricular vein 
(PIV) connects to the coronary sinus at the crux cordis.

Variant	3:	 	Disconnection between the coronary sinus and the PIV. The PIV is connected to 
the small cardiac vein or enters the RA independently. 

Quantative� data:� The ostium of the coronary sinus was defined as the site where the 
coronary sinus makes an angle with the RA. Multiplanar reformatting was used to determine 
the size of the ostium in two directions. (Figure 1C). The distance between the ventricular 
tributaries was measured on volume rendered reconstructions (Figure 1D).

Statistical	analysis
Continuous data are expressed as mean values and corresponding standard deviations. 
Dichotomous data are expressed as numbers and percentages. The paired student’s T-test 
was used to evaluate differences in diameters of the ostium of the coronary sinus in anterior-
posterior and superior-inferior direction. A p-value<0.05 was considered significant.

Figure 1
The cardiac venous system. 
A. The border of the coronary sinus (CS) is marked by the vein of Marshall (VM). The CS continues in the great 
cardiac vein (GCV), which continues anteriorly in the anterior interventricular vein (AIV). As seen from the RA, 
the first tributary of the coronary sinus is the posterior interventricular vein (PIV). The next tributaries are the 
posterior vein of the left ventricle (PVLV) and the left marginal vein (LMV).
B. Left panel: Variant 1. Middle: Variant 2. Right panel: Variant 3. Explanation see text.
C. Left panel: The CS ostium measured in anterior-posterior direction. Transversal plane. Right panel: The CS 
ostium in superior-inferior direction. Coronal plane.
D. Measurement of the distances between the different tributaries of the cardiac venous drainage system. 
Abbreviations as above.
ant = anterior, AP = pulmonary artery, Ao = aorta, LA = left atrium, LV = left ventricle, RA = right atrium,  
RV = right ventricle
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Results

Anatomic�observations:	 The cardiac venous system was visualized in all patients. Whereas 
the coronary sinus and the PIV were observed in all patients, the posterior vein of the LV 
(PVLV) and the left marginal vein (LMV) were observed in 36(95%) and 23(61%) patients 
respectively. A small cardiac vein was present in 17(45%) of patients. 

Variants� in� anatomy:	 Continuity of the coronary sinus with the small cardiac vein was 
observed in 11(29%) of patients (Variant	1). In 21(55%) patients, the small cardiac vein 
was not found. In 24(63%) of patients, the PIV connected to the crux cordis (Variant	2), 
and in 3(8%) of patients the PIV was not connected to the coronary sinus at the crux 
cordis, but entered the RA separately (Variant	3). Examples of anatomical variations are 
demonstrated in Figure 2. The vein of Marshall was distinguished in 13(34%) patients. 
Anatomic observations are summarized in Table 1.

Quantative�data:	 Interindividual variation was observed in the distances between the main 
tributaries draining the LV. No significant differences were observed in patients with, as 
compared to patients without heart failure. In 4 patients the distance between the PIV and 
the PVLV was ≤ 2 cm. Two of these patients also lacked the presence of the LMV. The mean 
diameter of the LMV was quite small with an average of only 3.9±1.9mm. The diameter 
of the LMV was significantly larger in patients with as compared to those without heart 
failure.
Mean diameter of the ostium of the coronary sinus in the anterior-posterior direction 
was 12.6±3.6mm. In the superior-inferior direction, the diameter of the ostium was 
significantly larger (15.5±4.5mm, p<0.01), indicating an asymmetrical shape of the ostium 
with the long axis in the superior-inferior direction. There were no significant differences 
in diameters of the ostia in patients with, as compared to patients without heart failure 
(p=0.05). Quantative data are summarized in Table 2.

Figure 2
A. Variant	1. Left panel: volume rendered reconstruction. The coronary sinus (CS), posterior interventricular 
vein (PIV) and small cardiac vein (SCV) are continuous at the crux cordis. The SCV (lower yellow arrow) runs 
in close association with the right coronary artery (RCA, purple arrow). Right panel: The CS and SCV (yellow 
arrows) and the RCA (purple arrow) on the transversal plane. 
B. Variant	2. The CS enters the RA independently from the anterior cardiac veins. Right panel: The ostia of the 
CS, the PIV and the posterior vein of the left ventricle (PVLV) are confluent and form a large common ostium 
(arrow).
C. Variant	3. Left panel: The PIV is not connected to the coronary sinus, but enters the RA independently, as is 
also demonstrated on the transversal orthogonal plane on the right panel. The purple arrows indicate the PIV 
and a right marginal vein (RMV), the yellow arrow indicates the CS.
D. MSCT scan of a patient who, besides the PIV, lacks CS tributaries. Although the ostium is rather large, more 
distal from the ostium the CS narrows, demonstrated on a volume rendered reconstruction (left panel) and on 
a curved MPR (right panel).
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Table 1: Anatomical�observations

No HF HF 
Number of patients 28 10
Coronary sinus 28(100%) 10(100%)
Small cardiac vein 13(46%) 4(40%)
Posterior interventricular vein 28(100%) 10(100%)
Posterior vein of the left ventricle 27(86%) 9(90%)
Left marginal vein 16(57%) 7(70%)
Vein of Marshall 10(36%) 3(30%)
Posterior branches 9(32%) 4(40%)
Variant 1 8(29%) 3(30%)
Variant 2 18(64%) 6(60%)
Variant 3 2(8%) 1(10%)

HF = heart failure

Table 2: Quantative�data

No HF HF 
Ostium CS anterior-posterior (mm) 11.9±3.5 14.4±3.4
Ostium CS superior-inferior (mm) 14.7±4.4* 17.9±4.0*
Diameter LMV (mm) 2.6±1.1 5.4±1.4**

Distance PIV-PVLV (mm)
44.6±17.4 

(range 13.9-76.4)
35.9±19.5

(range 6.1-59.6)

Distance PVLV-LMV (mm)
37.7±14.6 

(range 14.6-68.3)
45.8±17.9

(range 21.0-64.6)

Distance PVLV-AIV (mm)
77.6±18.3 

(range 50.3-122.7)
83.0±29.9

(range 40.3-117.1)

Distance LMV-AIV (mm)
44.9±16.4 

(range 17.4-77.2)
46.5±14.1

(range 15.5-57.7)

* p<0.01 as compared to the diameter in anterior-posterior direction
** p<0.01 as compared to patients without HF
CS = coronary sinus, HF = heart failure LMV = left marginal vein, PIV = posterior interventricular vein,  
PVLV = posterior vein of the left ventricle; AIV = anterior interventricular vein
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Discussion

Results of this study demonstrate an interindividual variation of the cardiac venous 
system in: 1) insertion and continuity of the main tributaries, 2) the number of antero/ 
posterolateral tributaries, and 3) the distance between the main tributaries. To date, only 
few anatomical reports provide a detailed description of the cardiac venous anatomy5. Our 
study is the first to describe variations in cardiac venous anatomy using MSCT.
Not only the lack of suitable side branches, but also obstruction and ostial narrowing (by 
e.g. a Thebesian valve) may complicate LV lead implantation1 2 6. In the current study, a left 
marginal vein was not observed in 15(39%) patients. In two of these patients, the PVLV 
already branched within 2 cm from the crux cordis without additional side branches. The 
small cardiac vein was observed in 45%, slightly more than described by Von Ludinghausen5. 
Particularly the identification of patients who lack the presence of posterolateral branches 
with a sufficient diameter to allow passage of a catheter or pacemaker lead may have 
implications for clinical practice. The variation in drainage patterns observed in the current 
study, largely agree with results of anatomical studies5. Observations from the current 
study also reveal a large variation in distances between the different side branches of the 
cardiac drainage system (Table 2). The finding that the coronary sinus ostium is ovally 
shaped agrees with observations in other cardiac veins7.
The vein of Marshall can be used to mark the border between the coronary sinus and the 
great cardiac vein5. At this site, the valve of Vieussens is often present, which is an important 
cause of problems advancing the catheter into cardiac veins8. In the current study, the vein 
of Marshall was observed in only 13 patients (34%). This finding is not surprising, since this 
structure is often obliterated by fibrosis.

Clinical� implications:� MSCT may be used to identify complex patients who do not have 
additional side branches on MSCT, and therefore may benefit more from an epicardial 
lead placement using a minimal invasive surgical approach. In addition, the site of latest 
LV activation, where the LV lead should ideally be positioned, can be evaluated for the 
presence of suitable venous anatomy preceding pacemaker implantation. Based on these 
findings, the clinician can beforehand decide whether a transvenous or a minimally invasive 
approach for LV lead positioning is preferred.
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Abstract

Background: At the mitral annulus-aorta (MA-Ao) junction, the left atrium is 
continuous through the subaortic curtain with the musculature of the anterior 
mitral leaflet. Under experimental conditions, this region can generate abnormal 
electrical activity. In patients with left atrial tachycardia, we investigated whether 
this region could be the source of this arrhythmia. 

Methods and Results: In 10 (28%) of 35 consecutive patients with left atrial 
tachycardia, the arrhythmia originated from the MA-Ao junction. Sustained, self-
limited episodes of atrial tachycardia (cycle length, 340±56ms; duration, 125±69 
seconds) were repeatedly induced. Prematurity of the extrastimulus and time 
to first atrial tachycardia complex were directly correlated (R=0.66; P<0.001). 
During tachycardia, bipolar electrograms at the earliest site preceded onset of 
the P wave by 44±14ms and were of longer duration and lower amplitude than 
those recorded from nearby left atrial sites (52±8 versus 24±4 ms, P<0.001; and 
0.53±0.08 versus 3.45±0.96 mV, respectively; P<0.001). Ablation eliminated 
the tachycardia with no recurrence after a mean follow-up of 24±19 months. 
A comparative study in mouse embryos demonstrated the presence of the 
developing specialized conduction system in the MA-Ao region starting at 
embryonic age 11.5. 

Conclusions: The MA-Ao junction can be a frequent source of left atrial 
tachycardia. This previously unrecognized site of origin may explain why catheter 
ablation has been less successful in eliminating left versus right atrial tachycardias. 
Remnants of the developing specialized conduction system could be the 
underlying substrate of this arrhythmia. 
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Introduction

Previous reports have documented that left atrial or atrial walls and, rarely, from the mitral 
annulus or left atrial appendage 1-6, yet catheter ablation is less successful at eliminating 
tachycardias originating from the left atrium than those arising from the right atrium 2, 
possibly because of difficulties in mapping and incomplete information about sites of ori-
gin. Although the mitral annulus-aorta (MA-Ao) junction (Figure 1) can be the source of 
arrhythmias under certain experimental conditions 7-9, the present study is the first to show 
that this region can give rise to atrial tachycardias in humans. In this report, we describe 
the electrophysiological characteristics of left atrial tachycardias originating from the MA-
Ao junction. 

Figure 1
Schematic representation of the MA-Ao junction in the left anterior oblique projection. Dots indicate sites of 
atrial tachycardia origin in 10 patients. Ao indicates aorta; HB, His bundle; and MA, mitral annulus.
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Methods

Patients	
We analyzed 35 consecutive patients with structurally normal hearts referred for catheter 
ablation and in whom mapping of both atria identified a focal left atrial tachycardia. In 10 
(28%) of these patients, the tachycardia originated from the MA-Ao junction. These indi-
viduals, all women (mean age, 42±16 years), comprised the study population. They had 
documented paroxysmal atrial tachycardia for a mean of 7±5 years, refractory to a mean 
of 3±2 antiarrhythmic drugs. Patients complained of recurrent episodes of short-lasting 
palpitations that occurred several times a day. Five of these patients had a previous abla-
tion attempt of a left atrial tachycardia at another institution. Their echocardiograms were 
normal, as required by the selection criteria (mean left atrial diameter, 31±5 mm; mean 
ejection fraction, 57±3%).All patients gave written informed consent, and the University of 
Florida Institutional Review Board approved this study.

Electrophysiological	Study	
Patients discontinued antiarrhythmic medications 2 weeks before undergoing electrophys-
iological study. The procedure was performed with patients in the fasting state under light 
sedation with intravenous fentanyl and midazolam. Multipolar electrode catheters were 
introduced percutaneously and positioned into the right atrial appendage, right ventricle, 
His bundle region, and coronary sinus 10. To record His bundle activation, a 7F deflectable 
catheter with 4 closely spaced pairs of electrodes was used. A deflectable catheter with 8 
pairs of electrodes (5 mm between pairs) was advanced into the coronary sinus, with the 
most proximal pair of electrodes positioned at the coronary sinus ostium. Bipolar electro-
grams (30 to 500Hz) and unipolar electrograms (0.5 to 500 Hz) were displayed and stored 
using a digital recording system (Bard Electrophysiology). Stimulation was performed at 
2 to 3 times diastolic threshold, using pulses of 2-ms duration. Initially, single extrastimuli 
were introduced at several basic cycle lengths (400to 600 ms). The coupling interval was 
decreased in 10-ms steps until atrial refractoriness was reached. If tachycardia could not 
be induced, rapid stimulation was used (250 to 500 ms). When required, intravenous 
aminophylline (6 mg/kg over a period of 30 minutes) and/or isoproterenol (1 to 4 μg/
min) were given and atrial stimulation was repeated by using extrastimuli first followed by 
rapid stimulation. The diagnosis of atrial tachycardia was confirmed using these criteria:  
(1) atrial activation sequence during tachycardia different from that recorded during sinus 
rhythm; (2) atrial activation sequence during tachycardia different from that obtained 
during ventricular stimulation with retrograde ventriculo-atrial conduction; (3) A-A-V re-
sponse after discontinuation of ventricular pacing11; (4) induction of tachycardia indepen-
dent of a critical prolongation of the A-H interval; (5) transient atrioventricular (AV) block 
during tachycardia; and (6) inability to obtain concealed entrainment of the tachycardia 
using ventricular extrastimuli. A left atrial origin of the tachycardia was suspected when 
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right atrial activation was earliest in the fossa ovalis, Bachmann bundle region, triangle 
of Koch, or coronary sinus. The morphology of the P wave was analyzed during transient 
AV block or after ventricular premature beats that did not alter the atrial tachycardia. The 
A-H interval during tachycardia was compared with that obtained during stable right atrial 
stimulation at identical cycle length. Access to the left atrium for mapping and ablation 
was obtained through the transseptal approach, using the electrode catheters as anatomic 
landmarks12. A 7F quadripolar ablation catheter with a 4-mm tip electrode was introduced 
through a preformed 8F sheath (SL1, Daig) and advanced into the left atrium. The earliest 
bipolar electrogram associated with a negative unipolar deflection was considered the site 
of atrial tachycardia origin. Electroanatomic mapping was obtained with the Carto system 
(n=4)or with NavX (n=1). In 5 patients, an echocardiogram (transthoracic, 3; intracar-
diac, 2)was used to confirm the location of the mapping catheter in relation to the MA-Ao 
junction. 

Radiofrequency	Ablation	
The earliest activation site was targeted for ablation. Radiofrequency energy (10 to 50 W; 
maximal temperature, 60°C) was delivered between the tip electrode and a skin patch 
electrode positioned under the left scapula using an EPT 1000 generator (EP Technologies). 
The power was progressively increased until a temperature of >50°C was reached or the 
tissue impedance changed >10 Ω .Atrial stimulation was repeated before, during, and after 
isoproterenol administration for 60 minutes to confirm elimination of the atrial tachycar-
dia. After the procedure, patients were monitored for 24 hours in a telemetry unit. 

Comparative	Study	of	the	Developing	Conduction	System	in	Mouse	Embryos	
To test the possibility that remnants of the developing cardiac conduction system may 
persist in the MA-Ao region, we used a transgenic cardiac conduction system-lacZ murine 
strain capable of delineating the developing and mature cardiac conduction system 13. 
Twenty-three embryos of embryonic age (E) 9.5 to 15.5 days were stained for – galactosi-
dase activity, which produces a blue staining at the sites of expression. Embryos were fixed 
at room temperature in 5% buffered saline. They were sliced transversely and examined 
using light microscopy, with attention specifically focused on the region between the aorta 
and the atrioventricular junction. 

Data	Analysis	
Data are reported as mean±SD. Values were analyzed by means of the paired and unpaired 
Student t test. The correlation between extrastimuli coupling intervals and the interval 
between the extrastimulus and the first tachycardia complex was analyzed by means of 
Pearson correlation analysis. The χ2 test was used to compare inducibility by single extra-
stimuli versus rapid stimulation. A probability value of <0.05was accepted as statistically 
significant.
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Figure 2
Representative 12-lead ECGs from 2 patients during atrial tachycardia. P waves were of low voltage and 
notched. Polarity and morphology of the P wave in 10 patients are depicted in the table on right. –/+ indicates 
minus/plus; +/– plus/minus; and =, isoelectric.

Figure 3
Linear regression analysis of the relation between the coupling interval of the extrastimulus (S1-S2) and the inter-
val between the extrastimulus and the first beat of the tachycardia (S2-AAT). All values are expressed as percent-
age (%) of the preceding S1-S1 cycle length. A direct correlation between the S1-S2 and the S2-AAT was observed 
(P≤0.001, R=0.66).
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Figure 4
Fractionated, low-amplitude (0.45 mV) bipolar electrograms recorded from distal electrodes of the mapping 
catheter (MAPd) at the successful ablation site. Unipolar electrogram obtained from the more distal electrode 
(Uni 1) shows an initial negative deflection that coincides with the onset of the bipolar electrogram, followed by 
fractionated potentials. CS indicates coronary sinus; HB, His bundle; MAP, mapping catheter; and RAA, right 
atrial appendage.

Figure 5
Sequence of left atrial activation using electroanatomic mapping during atrial tachycardia. Left upper insert 
shows a coronal section across the aorta and mitral annulus of a spiral CT obtained from the same patient. 
Earliest activation (arrow) site is located at the junction of the mitral annulus with the aorta and approximately 
1 cm superior to the site where His bundle (HB) activation was recorded. Ao indicates aorta; MA, mitral an-
nulus; and PV, pulmonary vein.
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Results 

Characteristics	of	Atrial	Tachycardia	
In 9 patients, both extrastimuli and rapid stimulation initiated atrial tachycardia; in 1 
patient, only rapid stimulation induced it. Isoproterenol administration was required in 
7 patients to induce tachycardia, including 2 patients who required both isoproterenol 
and aminophylline. During tachycardia (cycle length of 340±56 ms), the P waves were of 
low voltage,broad, and notched, negative in aVL (n=9/10) and positive in leads III and 
V1 (n=10). Figure 2 depicts the characteristics of the P wave during atrial tachycardia. 
Sustained (>30 seconds), self-limited episodes of tachycardia (n=234) were repeatedly 
induced in all patients. Rapid stimulation was more successful than single extrastimuli in 
inducing atrial tachycardia (139 versus 95 episodes, P<0.05).The mean duration of atrial 
tachycardia was 125±69seconds (range, 30 to 242 seconds). When all episodes initiated 
by atrial extrastimuli were analyzed, a direct correlation was found between prematurity 
of the extrastimulus and the elapsing interval to the first tachycardia complex (P<0.001; 
R=0.66; Figure 3). Activation at the earliest site preceded the P wave by 44±14 ms. Local 
bipolar and unipolar electrograms (Figure 4) at the earliest site were consistent with an 
area of slow conduction because local potentials were of longer duration and lower am-
plitude than those recorded from nearby left atrial sites (52±8 versus 24±4 ms, P<0.001; 
and 0.53±0.08 versus 3.45±0.96 mV, P<0.001; respectively). Activation at the earliest site 
preceded atrial activation near the His bundle by 44 13ms, at the proximal coronary sinus 
(up to 2 cm from the ostium) by 46±15 ms, and at the right atrial appendage by 71±14 
ms. The A-H interval during MA-Ao atrial tachycardia was shorter than that observed 
during right atrial stimulation at a cycle length identical to that of the tachycardia (87±34 
ms versus 123±27 ms, P<0.05),consistent with an atrial activation reaching the AV node 
through a left atrial input 10. Figure 5 illustrates the sequence of left atrial activation, using 
electroanatomic mapping during atrial tachycardia.
Atrial tachycardia terminated either spontaneously (n=126), because of premature atrial 
beats (n =105),or after administration of intravenous adenosine (6 mg bolus, n=3). In 
7 patients, spontaneous termination always followed a gradual increase in cycle length 
(8±2%during the last 10±5 cycles, 97 episodes). In 3 patients, termination of the tachycar-
dia followed alternating long-short cycles (29 episodes, Figure 6).

Earliest	Activation	Site	During	Atrial	Tachycardia	
The origin of the tachycardia was confirmed through the use of biplane fluoroscopy (Fig-
ure 7). In the left anterior oblique projection, this site was situated between the 11and 12 
o’clock positions (Figures 1 and 5). In the right anterior oblique projection, the tip of the 
catheter was approximately 1cm superior to the catheter recording His bundle activation. 
In 5 patients, an echocardiogram (transthoracic, 3; intracardiac, 2) confirmed that the 
catheter was in contact with the subaortic curtain or MA-Ao junction (Figure 8). 
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Figure 6
Spontaneous termination of atrial tachycardia preceded by beat-to-beat oscillations in cycle length. 
CS indicates coronary sinus; HB, His bundle; MAP, mapping catheter; and RAA, right atrial appendage. 
Values are in milliseconds.

Figure 7
Position of the tip of the mapping catheter at the site of atrial tachycardia origin as viewed from the right anteri-
or oblique (RAO) and left anterior oblique (LAO) projections. The mapping catheter (MAP) has been advanced 
through a preformed sheath into the left atrium after transseptal puncture and positioned at the MA-Ao junc-
tion. CS indicates coronary sinus; HB, His bundle; and RAA, right atrial appendage.

RAO LAO
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Figure 8
Intracardiac echocardiogram displaying the tip of the catheter recording the origin of the tachycardia. The tip of 
the catheter (arrow) is in contact with the subaortic curtain, which represents the junction of the aortic cusps 
and the anterior leaflet of the mitral valve. Ao indicates aorta; MV, mitral valve; and PA, pulmonary artery.

Associated	Tachycardias	
A concurrent tachycardia was observed in 5 patients: slow fast AV nodal reentrant tachy-
cardia (n=2),fast-slow AV nodal reentrant tachycardia (n=1),and coronary sinus ostium 
atrial tachycardia (n=2). 

Radiofrequency	Ablation	
Radiofrequency ablation at the earliest atrial activation site eliminated tachycardia in all 
patients after a mean of 1.4±0.5 (median 1)applications of energy. Termination of atrial 
tachycardia occurred after a mean of 11±9 (1 to 25) seconds of energy delivery. Atrial 
tachycardia terminated abruptly in 4, and after transient acceleration, in 6 patients. Mean 
power, temperature, and impedance were 33±8 W, 49±3°C, and 
89±5 Ω ,respectively. No changes in AV nodal conduction were found after successful abla-
tion. All associated tachycardias were successfully eliminated. During a follow-up period of 
24±19 months on no antiarrhythmic medications, no patients had recurrent tachycardia. 

Developing	a	Murine	Cardiac	Conduction	System	
In the earliest stages examined, stage E 9.5 and E 10.5, septation between the aorta and 
the pulmonary artery had not occurred yet, so the outflow tract still consisted of a com-
mon trunk. Also, the AV canal was still a common canal that was situated mainly above the 
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primitive left ventricle. In these early stages, CCS-lacZ was already present at the AV canal, 
which became continuous with a band of lacZ present at the junction with the outflow 
tract. At stage E 11.5, a separate aorta and pulmonary trunk could be observed and at 
stage E 12.5 the mitral and tricuspid orifices were situated above the left and right ven-
tricle respectively. Starting at stage E 11.5, the developing conduction system was observed 
running between the aorta and the mitral annulus (Figure 9, left panel). We created 3-D 
reconstruction of an embryo of age E 12.5 to visualize the distribution of CCS-lacZ in the 
MA-Ao region. In this reconstruction, a bundle of fibers running in the retro-aortic posi-
tion at the junction with the AV canal is clearly demonstrated (Figure 9, right panel). This 
region corresponds to the site of origin of the atrial tachycardia observed in our patient 
population. At a later stage (E 15), the staining of the conduction system was markedly 
reduced indicating regression of this system in older embryos.

Figure 9
Observations in the CCS-lacZ transgenic mouse model. Left panel demonstrates a transverse section through 
the heart of an embryo of 12.5 days. Immunohistochemical staining was performed with a monoclonal anti-
muscle actin- antibody to produce a double staining with CCS-lacZ. Slices were counterstained with hematoxy-
lin. CCS-lacZ is present in the retroaortic position (arrow), at the junction with the AV canal. Right panel dem-
onstrates a 3D reconstruction obtained from serial microscopic images of the same embryo, demonstrating the 
same bundle of lacZ-positive tissue (arrow). Heart is depicted from a frontal and cranial view. Different cardiac 
compartments are color-coded: yellow, left atrium; orange, right atrium; red, left ventricle and aorta; green, 
right ventricle and pulmonary artery; and blue, CCS-lacZ staining. Ao indicates aorta; PA, pulmonary artery; 
and LV, left ventricle.
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Discussion 

The present study demonstrates that the MA-Ao junction can be the source of focal atrial 
tachycardia in patients with structurally normal hearts. This previously unrecognized site 
of origin might partially explain why catheter ablation has been less successful at eliminat-
ing left versus right atrial tachycardias 2. The presence of fractionated, low-voltage elec-
trograms at the earliest activation site is consistent with a region of slow conduction. On 
the other hand, the mode of initiation of this tachycardia suggests triggered activity as the 
mechanism of this arrhythmia. The presence of both abnormal conduction and abnormal 
automaticity in this region is consistent with previous observations in animal studies 7-9. 

The	MA-Ao	Junction	and	the	Anterior	Mitral	Valve	Leaflet
The MA-Ao junction is not simply formed by two opposing fibrous annuli. A common 
structure, the subaortic curtain 14-17, simultaneously supports 2 of the aortic cusps (left 
coronary and noncoronary) and the anterior leaflet of the mitral valve. In other words, at 
the MA-Ao junction, the left atrial wall does not join the left ventricular wall but is attached 
to the aorta. More important, the muscle fibers of the left atrium are continuous with 
those of the anterior mitral valve leaflet 7-9 18. Notably, microelectrode studies have
shown that although the leaflet musculature resembles atrial muscle, the action potentials 
have AV nodal-type characteristics 7-9. These unique properties can be explained by calcium 
dependent cells, responsive to adenosine and similar to AV nodal cells 18. Similar to our 
findings in humans, experiments in animals have shown that cells from the mitral annulus 
and the anterior mitral leaflet can give rise to triggered activity under the influence of ca-
thecholamines 7-9.

Characteristics	of	MA-Ao	Atrial	Tachycardia	
Despite isoproterenol administration, most episodes of atrial tachycardia were self-lim-
ited, either due to spontaneous termination or after atrial premature beats. Therefore, 
atrial stimulation was frequently required to reinduce the tachycardia to identify the site 
of origin. In three patients with prolonged episodes of tachycardia, adenosine (6 mg intra-
venous bolus) terminated the tachycardia. This response as well as the mode of initiation 
suggests triggered activity. Importantly, there was a consistent relation between the cou-
pling interval of the extrastimulus and the interval between the extrastimulus and the first 
beat of the tachycardia, consistent with triggered activity 19.
The finding that the A-H interval was shorter during MA-Ao atrial tachycardia than during 
right atrial stimulation at identical cycle length is consistent with the wavefront entering 
the AV node using the left-sided input to the A-V node 10.
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Previous	Studies	
Matsuoka and colleagues 6 described a patient with 2 closely located atrial tachycardias 
originating from what they called left anteroseptum. Their Figure 2, however, suggests the 
origin actually might have been the MA-Ao junction. Interestingly, they also described the 
presence of fractionated potentials in this region, an observation that mirrors our find-
ings. Other authors have also shown that the mitral annulus can be the source of atrial 
tachycardias 4 20 21. The present study extends the findings made by Kistler et al. 4 in pa-
tients with atrial tachycardia arising from the mitral annulus. These authors found that the 
tachycardia originated close to the mitral-aortic continuity. In our patients, the arrhythmia 
was shown to originate from the MA-Ao junction itself. The present study suggests that 
triggered activity may be the underlying mechanism and that remnants of the developing 
conduction system may be the substrate for this form of atrial tachycardia. The much 
higher incidence of tachycardias originating from the MA-Ao in our patients when com-
pared with the Kistler study cannot be readily explained. The fact that 50% of our patients 
were referred after a previous failed ablation may account for the difference. Therefore, our 
findings represent a selected group of patients and cannot be extrapolated to the general 
population of individuals with atrial tachycardia. 

The	MA-Ao	Junction	and	the	Developing	Conduction	System	
Previous embryological studies have suggested that the occurrence of atrial arrhythmias at 
specific anatomic sites may be linked to the presence of the developing conduction tissue 
at these sites during embryogenesis 22 23. In the present comparative murine embryological 
study, the specialized conduction system was shown to run between the aorta and the 
AV canal early in the development. At a later stage (E 15), the staining of the conduction 
system was markedly reduced indicating regression of this system in older embryos. These 
findings suggest that this tissue may fail to regress in some individuals and give rise to left 
atrial tachycardia arising from the MA-Ao junction. On the basis of these findings, we 
hypothesize that the occurrence of atrial tachycardias originating from the MA-Ao region 
may be due to persistence of the developing conduction system in this region. 
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Study Limitations 

The mode of initiation of this form of atrial tachycardia and the effect of adenosine in two 
patients suggest triggered activity. However, the response to drugs or programmed electri-
cal stimulation in the clinical electrophysiology laboratory does not necessarily identify the 
actual mechanism of an arrhythmia. Certainly, microreentry cannot be ruled out as the 
mechanism of atrial tachycardia in our patients. 

Clinical Implications 

Some patients with atrial tachycardia are refractory to antiarrhythmic agents and require 
catheter ablation to eliminate the arrhythmia. Previous studies have shown that ablation 
is less successful at eliminating left atrial tachycardias compared with right atrial tachycar-
dias. Knowledge of the most frequent sites of origin, including the MA-Ao junction, can 
facilitate successful ablation of these tachycardias.
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Summary and Conclusions

This thesis starts with a Chapter 1 that provides a general overview of the basics of cardiac 
development, development of the cardiac conduction system and markers for the develop-
ing cardiac conduction system. Predilection sites for the occurrence of clinical arrhythmias 
are discussed. Furthermore, current treatment strategies and imaging modalities are de-
scribed. Thereafter, the two main parts of the thesis can be distinguished. In part I of the 
thesis the developing cardiac conduction system was studied and a developmental origin 
of clinical adult arrhythmias was hypothesized based on the spatial expression pattern of 
the marker CCS-lacZ in murine embryos. Furthermore, the incorporation of the primitive 
pulmonary vein in the left atrium was studied in sequential developmental stages in hu-
mans. In part II of the thesis, the treatment of clinical arrhythmias that are initiated and/
or perpetuated at specific anatomical locations in the heart (particularly the pulmonary 
veins) guided by imaging techniques for visualisation of the substrate, was described.

Part I

In Chapter 2 the developing CCS was studied in the murine transgenic CCS-lacZ model. 
The CCS-lacZ gene has been shown to be expressed in the developing and mature CCS. 
We observed CCS-lacZ expression not only in putative areas of the adult CCS, such as the 
sinus node, the AV node, His bundle, left and right bundle branches and Purkinje fibers, 
but also in specific myocardial areas that are not part of the adult cardiac conduction sys-
tem. These areas include the left and right venous valves and septum spurium (internodal 
myocardium), the left and right AV ring, and the retro-aortic root bundle. Furthermore, 
CCS-lacZ expression was observed in a bundle of tissue running in a retro-aortic position 
between the left and right atrium, corresponding to the site of Bachman’s bundle. All of 
these sites are anatomic regions that correspond to the occurrence of clinical arrhythmias 
in adults. Interestingly, CCS-lacZ expression was also observed in the dorsal wall of the left 
atrium. This area was continuous with the left venous valve of the sinus venosus. In later 
stages, expression of CCS-lacZ was observed in a cuff of myocardial cells surrounding the 
pulmonary veins. Results of this study support the hypothesis that the occurrence of car-
diac arrhythmias that originate from specific anatomical sites in the heart is not random 
but may be related to the development of the CCS. 

In Chapter 3 a developmental origin of atrio-ventricular bypass tracts such as present in 
patients with Mahaim tachycardia, was hypothesized. In early cardiogenesis, the AV canal 
is situated entirely above the primitive left ventricle, whereas the outflow tract connects to 
the embryonic right ventricle. During development a right atrioventricular connection, and 
a connection between the left ventricle and the aorta must be established. This process 
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of formation of the right ventricular inflow tract was studied in relation to the developing 
cardiac conduction system in CCS-lacZ	transgenic mice and it was hypothesized that the 
outcome of this process may provide a developmental morphological explanation for the 
occurrence of Mahaim tachycardia. Results of this study demonstrated that starting from 
embryonic day 11.5 a myocardial groove is formed in the CCS-lacZ positive tissue of the pri-
mary fold (the border between the embryonic right and left ventricle). Further outgrowth 
of this groove, concomitant with outgrowth of the right ventricular dorsal wall, resulted in 
a division of the CCS-lacZ positive primary fold tissue in a medial part, the trabecula	septo-
marginalis (that contains the right bundle branch), and a lateral part, the right ventricular 
moderator	band that connected medially to the right bundle branch and could laterally be 
traced all the way to the lateral AV-junction, thus forming a tract bypassing the AV node. 
Electrophysiological testing was performed in murine embryo’s aged 15.5 days in which a 
section was made in vertical direction through the heart, to divide the heart in a left speci-
men containing the AV node and the major part of the bundle braches, and a right speci-
men that contained the right atrium, right ventricle and the right ventricular moderator 
band. The isolated RA and RV were only myocardially connected at the lateral AV-junction. 
In 2 out of 8 embryos sequential electrical and mechanical activation of atria and ventricles 
was demonstrated in both RA/RV and LA/LV preparations. Morphological study of these 
specimen demonstrated that conduction of the electrical impulse in the right specimen 
could only have travelled over the lateral AV connection, along the free wall of the RA to 
the RV, an area corresponding to location of the right ventricular moderator band, and to 
the site of Mahaim fibers in humans.

In Chapter 4 the histology of the left atrial wall in relation to the incorporation of the pul-
monary veins was studied immunohistochemically in sixteen human embryos and fetuses, 
one neonate and five adults. Histological staining was performed to distinguish between 
the different tissues of the wall of the atria and the pulmonary veins. Based on histo-
logical criteria, three different compartments could be distinguished in the left atrium: 
the smooth-walled left atrial body with vessel wall tissue, that after incorporation of the 
pulmonary veins could not be distinguished from the vessel wall of the pulmonary veins; 
the trabeculated left atrial appendage, without vessel wall tissue; and a transitional zone 
in between the left atrial appendage and the left atrial body, which was smooth-walled 
and lacked vessel wall tissue (and that histologically resembled the sinus venarum tissue 
in the right atrium). The right atrial appendage, the body of the right atrium and the atrial 
septum were not lined by vessel wall tissue. It was hypothesized that during development, 
due to the incorporation process of the pulmonary veins, left sided sinus venosus tissue 
had shifted towards the transition with the left atrial appendage.
Furthermore, it was observed that the left atrial dorsal wall between the pulmonary veins 
can be poorly myocardialized or that myocardium can even be absent. It remains to be 
investigated whether this is correlated with the pulmonary vein incorporation into the left 
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atrium. The left atrial wall can, because of lack of proper myocardium, be easily damaged. 
Due to the incorporation process of the pulmonary veins into the left atrium, the inner 
wall of the left atrium is composed of vessel wall and a histological border between the left 
atrial body and the pulmonary veins cannot be found. 

Part 2

In Chapter 5 multi-slice computed tomography was used for the evaluation of the left 
atrium and pulmonary veins prior to radiofrequency catheter ablation surrounding the 
pulmonary veins in 23 patients with atrial fibrillation, and in 11 control patients without 
atrial fibrillation. In this chapter, a method was constructed to evaluate the atrio-pul-
monary venous transition using multi-slice computed tomography. The atrio-pulmonary 
venous junction was evaluated in 3 different orthogonal planes and using 3-D reconstruc-
tions. Measurements in 2 perpendicular planes were performed using multi-planar refor-
matting. Using this standardized method, large interindividual variations in anatomy were 
observed. Common ostia of the left and right pulmonary veins were observed 19/23(83%) 
and 9/23(39%) patients respectively. Additional right pulmonary veins, presumably drain-
ing the right middle pulmonary lobe, were observed in 6/23(26%) patients, whereas a left 
additional vein (presumably draining the lingula area of the left lung) was observed in only 
1(4%) patient. Early branching occurred more often in right vs. left pulmonary veins. There 
were no statistical differences in occurrence of variations between patients and controls 
in this study. Furthermore, it was demonstrated that pulmonary venous ostia are asym-
metrically shaped. Left sided veins were significantly more oval-shaped than right-sided 
veins. Although size of the ostia tended to be larger in patients with atrial fibrillation than 
in those without atrial fibrillation, these differences were not statistically significant. Infor-
mation obtained by multi-slice computed tomography was used to guide radiofrequency 
catheter ablation aimed outside the ostia of the pulmonary veins. 

In Chapter 6 a review of the application of intracardiac echocardiography in percutaneous 
interventional procedures is provided. An overview of the history of intracardiac echocar-
diography is given, as well as the technical requirements. Nowadays low-frequency trans-
ducers allow intracardiac echocardiography of the entire heart with an ultrasound catheter 
positioned solely in the right atrium or right ventricle. Clinical applications of intracardiac 
echocardiography include: evaluation of intracardiac thrombus, transseptal puncture, 
closure of atrial septal defect, guidance of interventional electrophysiological procedures 
(such as radiofrequency catheter ablation of atrial fibrillation, atrial tachycardia, complex 
atrial flutter and ventricular tachycardia), diagnostic biopsy, and visualisation of the coro-
nary sinus. Doppler capacities allow hemodynamic measurements, such as the evaluation 
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of flow velocities inside the pulmonary veins prior to and after radiofrequency catheter 
ablation, for evaluation of the occurrence of acute pulmonary vein stenosis. 

Chapter 7 describes the use of intracardiac echocardiography for the evaluation of left 
atrial and pulmonary vein anatomy in 31 patients admitted for radiofrequency catheter 
ablation outside pulmonary venous ostia. A method for evaluation of the atrio-pulmonary 
venous junction is described, using 2-D ultrasound planes. Using this method, a com-
mon ostium of the left and right pulmonary veins was observed in 22(71%) and 10(32%) 
patients respectively. Additional right pulmonary veins were observed in 6(19%) patients. 
Prior to the procedure, intracardiac echocardiography was used to evaluate the left atrium 
and left atrial appendage for the presence of thrombus. Two patients were not treated 
with radiofrequency catheter ablation because of suspicion of intracardiac thrombus with 
intracardiac echocardiography and in one patient transseptal puncture could not be per-
formed because of an aneurysmatic septum. During the procedure, intracardiac echocar-
diography was used to guide transseptal puncture, to guide catheters at the pulmonary 
venous ostia and to continuously monitor the occurrence of acute complications. In the 
28 patients treated, mean ostial diameters of right superior pulmonary veins and common 
ostia of left pulmonary veins were significantly smaller after radiofrequency catheter abla-
tion. For the other veins, ostial diameters were slightly but not significantly smaller. Mean 
systolic peak flow velocities in pulmonary veins after radiofrequency catheter ablation were 
not significantly higher in any of the veins, indicating that slight narrowing of pulmonary 
veins directly after ablation does not have significant hemodynamic consequences.

After evaluation of the left atrium and pulmonary venous anatomy with both multi-slice 
computed tomography and intracardiac echocardiography, the next step was to perform 
a head-to-head comparison between both techniques, which is described in Chapter 8. 
In this study, performed in 42 patients, evaluations of both anatomical variations and 
measurements performed at the pulmonary venous ostia were compared between the 2 
techniques. Results of this study demonstrated that the large interindividual variation in 
pulmonary vein anatomy could be demonstrated with both techniques. However, using 
multi-slice computed tomography as the gold standard, the sensitivity for detection of 
additional branches was higher for multi-slice computed tomography. Results of measure-
ments of pulmonary venous ostia suggested an underestimation of ostial size by intracar-
diac echocardiography, and less accurate determination of the shape of the ostium by 
intracardiac echocardiography.

In Chapter 9, evaluation of the coronary venous system using multi-slice computed to-
mography is described. The coronary venous system has gained interest in recent years, 
both in relation to implantation of biventricular pacing devices for cardiac resynchronisa-
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tion therapy, and in electrophysiological catheter ablation procedures. In a substantial 
number of patients cannulation of the coronary sinus and insertion of catheters is not 
possible due to narrowing of the coronary sinus ostium and lack of suitable side branches. 
Therefore anatomical information prior to these procedures is mandatory. The coronary 
venous system was evaluated in 38 patients. As in the pulmonary venous system, large 
interindividual variation was also observed in the coronary venous system. Anatomical 
variants were divided in 3 groups, dependent on the continuity of the cardiac venous sys-
tem at the crux cordis. The most frequently observed variant had a separate insertion of 
the coronary sinus and the small cardiac vein in the right atrium (24(63%) patients). In 
11(29%) patients, there was continuity of the anterior and posterior venous system at the 
crux cordis. In 3(8%) patients, the posterior interventricular vein (PIV) did not connect 
to the coronary sinus. Large interindividual anatomical variation in the presence of pos-
terolateral branches and in distances between coronary sinus-tributaries was observed. 
Whereas the coronary sinus and the PIV were observed in all patients, the posterior vein of 
the left ventricle (PVLV) and the left marginal vein (LMV) were observed in 36(95%) and 
23(61%) patients respectively. Furthermore, measurements of the ostia of the coronary 
sinus in 2 perpendicular directions using multiplanar reformatting, demonstrated an oval 
shape of the coronary sinus ostium.

Finally, in Chapter 10 a correlation was made between anatomy and electrophysiology by 
correlating data obtained by studying CCS-lacZ mutant mice with clinical mapping data in 
patients with atrial arrhythmias. Thirty-five patients with focal left atrial tachycardia were 
analysed in this study. In 10 patients, the tachycardia originated from a circumscript re-
gion at the junction between the aorta and the mitral valve. This site of origin of the atrial 
arrhythmias, the mitral annulus-aorta junction, correlated to the expression pattern of 
CCS-lacZ in murine embryo’s, indicative of developing cardiac conduction system. Radio-
frequency catheter ablation at this site eliminated the tachycardia with no recurrence after 
a mean follow up of 24±19 months. It was hypothesised that remnants of the developing 
cardiac conduction system could be the underlying substrate of this arrhythmia.
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Conclusions

l	 Sites related to the occurrence of clinically relevant cardiac arrhythmias correlate with 
cells positive for CCS-lacZ, indicative of the developing specialized cardiac conduction sys-
tem. 

l	 After formation of the right ventricular inflow tract, a CCS-lacZ positive tract is present 
that can be traced from the right bundle branch up to the lateral AV ring, corresponding to 
the site of Mahaim fibers in humans, thus supporting the hypothesis that these tracts may 
provide a morphological explanation for the occurrence of Mahaim tachycardia.

l	 Due to the incorporation of the pulmonary veins in the left atrium during development, 
there is no histological marked border or difference between the wall of the left atrium and 
the vessel wall of the pulmonary veins

l	 Multi-slice computed tomography can be used to define the atrio-pulmonary venous 
junction and accordingly evaluate the ostial insertion of pulmonary veins, the presence of 
additional pulmonary veins and early branching. Recognition of variations in pulmonary 
vein anatomy using a standardized method may facilitate radiofrequency catheter ablation 
around pulmonary venous ostia.

l	 Using multi-slice computed tomography as the gold standard, the sensitivity for detec-
tion of additional pulmonary venous branches is higher for multi-slice computed tomog-
raphy than for intracardiac echocardiography. 3-D imaging techniques, such as multi-slice 
computed tomography, are required to demonstrate an asymmetric shape of pulmonary 
venous ostia.

l	 Imaging of variations in the coronary venous system is a new application of multi-slice 
computed tomography that may have implications for improvement of selection of pa-
tients for cardiac resynchronisation therapy. 

l	 The junction between the mitral annulus and the aorta is a predilection site for the ini-
tiation of atrial tachycardias, and is accessible for catheter ablation. 

l	



216

Future perspectives

Development of the Cardiac Conduction System (CCS)
To study the developing cardiac conduction system the Leiden Research Group has thus 
far worked with several markers, such as HNK1 en the marker CCS-lacZ	that was used in 
the studies of this thesis. It is clear that the development of the cardiac conduction sys-
tem is a complex process, that does not involve a single gene, but much more likely is the 
result of a complex interaction between multiple genes. Future research will be aimed at 
the exploration and reconstruction of the expression of myocardial and cardiac conduc-
tion system markers (such as podoplanin en Nkx2.5) and their interaction. Also functional 
electrophysiological tests will help to clarify the function of different genes and factors 
involved in cardiac conduction system development. The correlation between anatomy 
and electrophysiology can be further clarified by studying electrical activation patterns and 
comparing results between healthy embryos and embryos with cardiac conduction system 
developmental  anomaly.
Furthermore, the question what induces the cardiomyocyte to become either a working 
myocardial cell or a cardiac conduction system cell still needs further clarification. We have 
hypothesized in earlier studies that cardiac neural crest cells as well as epicardium derived 
cells, may have an indirect effect on this process. However, the exact mechanisms driving 
a cardiomyocyte to become either a working myocardial cell or a conduction cell, are still 
unclear and will be further addressed in the future.

Imaging in Electrophysiological Interventional Cardiology: The Future is Fusion.
In the clinical research performed in this thesis, multiple imaging techniques have been 
used parallel to facilitate radiofrequency ablation procedures. Currently, it is possible to 
fuse the images obtained with multi-slice CT with 3-dimensional mapping systems. Using 
this integrated approach, on line electrical activation maps can be directly correlated to the 
patient’s anatomy as obtained with multi-slice CT. This new technology not only expands 
the possibility to integrate anatomy with electrophysiology during the treatment of atrial 
fibrillation, but also during the ablation of ventricular tachycardia using an endocardial 
or epicardial approach (Zeppenfeld, Tops et al, Circulation 2006-In	Press). Furthermore, 
integration of activation maps with high resolution computed tomography imaging may 
become important in guiding implantation procedures of biventricular pacing devices, as 
the site of latest ventricular activation can be directly correlated to ventricular anatomy 
and the presence of suitable coronary veins (for implantation of the left ventricular lead) 
at this site. Prospective studies comparing the results in patients treated using standard 
angiography and treated using the integrated imaging approach, are a next step in evalua-
tion of the efficiency of this new technique. 





S



Samenvatting en Conclusies



220

Samenvatting en Conclusies

Dit proefschrift begint met een Hoofdstuk 1 waarin een algemeen overzicht wordt gegeven 
van de ontwikkeling van het hart, de ontwikkeling van het geleidingssysteem, en van de 
huidige markers die gebruikt worden om het zich ontwikkelende cardiale geleidingssysteem 
te bestuderen. Verschillende voorkeursplaatsen voor het ontstaan van klinische ritmestoor-
nissen worden besproken. Daarnaast wordt ingegaan op verschillende behandelstrategie-
en en beeldvormende technieken. Vervolgens worden er twee hoofddelen onderscheiden. 
In deel I van dit proefschrift werd het zich ontwikkelende cardiale geleidingssysteem be-
studeerd. Een oorsprong van klinische volwassen ritmestoornissen werd gehypothetiseerd 
gebaseerd op het expressiepatroon van de marker CCS-lacZ in een embryonaal muismodel. 
Daarnaast werd de incorporatie van de primitieve pulmonaalvene bestudeerd in verschil-
lende opeenvolgende stadia in de mens.	In	deel	II van het proefschrift wordt de behandeling 
van klinische aritmieën, die worden geïnitieerd en/of onderhouden op specifieke anato-
mische lokaties in het hart beschreven, waarbij gebruik gemaakt wordt van verschillende 
beeldvormende technieken.

Deel I

In hoofdstuk 2 werd het zich ontwikkelende geleidingssysteem bestudeerd in het transgene 
CCS-lacZ muismodel. In dit model is in het verleden is aangetoond dat de marker CCS-lacZ 
tot expressie komt in het zich ontwikkelende en volwassen geleidingssysteem. Expressie 
van CCS-lacZ	werd niet alleen aangetoond gebieden behorend tot het toekomstige volwas-
sen geleidingssysteem, zoals de sinusknoop, de AV-knoop, de bundel van His, de linker en 
rechter bundeltakken en de Purkinjevezels, maar ook in specifieke gebieden van myocard 
die geen deel uitmaken van het volwassen geleidingssysteem van het hart. Deze gebieden 
includeren de rechter en linker veneuze kleppen en het septum spurium (oftewel het inter-
nodale myocard), de linker en rechter AV-ring, en in een retro-aortaal verlopende bundel 
(de zogenaamde retro-aortic root bundle). Daarnaast werd CCS-lacZ expressie geobser-
veerd in een andere weefselbundel die in een retro-aortale positie verloopt tussen het rech-
ter en het linker atrium, die overeenkomt met de lokatie van Bachmann’s bundel. Al deze 
gebieden zijn anatomisch gecorreleerd aan het voorkomen van klinische ritmestoornissen 
bij volwassenen. Opvallend was dat CCS-lacZ	expressie ook werd gezien in de achterwand 
van het linker atrium. Dit gebied was continu met de linker veneuze klep van de embryonale 
sinus venosus. In latere stadia werd expressie van CCS-lacZ tevens gezien als een uitloper 
van myocardcellen rondom de longvenen. De resultaten van deze studie ondersteunen de 
hypothese dat het voorkomen van hartritmestoornissen vanuit specifieke anatomische lo-
katies in het hart niet willekeurig is, maar gerelateerd zou kunnen zijn aan de ontwikkeling 
van het geleidingssysteem van het hart.
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In hoofdstuk 3 werd een oorsprong vanuit de ontwikkeling van atrioventriculaire verbin-
dingen, zoals aanwezig bij patiënten met Mahaim tachycardie, gehypothetiseerd. Gedu-
rende de vroege ontwikkeling van het hart is bevindt het atrioventriculaire kanaal zich nog 
geheel boven de primitieve linker ventrikel, terwijl de uitstroom van het hart aansluit op 
de primitieve rechter ventrikel. Gedurende de ontwikkeling moet er dus een verbinding 
ontstaan tussen rechter atrium en rechter ventrikel en er moet een verbinding ontstaan 
tussen de linker ventrikel en de aorta. De vorming van het rechter ventrikel instroom ge-
bied werd bestudeerd in relatie tot het zich ontwikkelende cardiale geleidingssysteem in 
CCS-lacZ transgene muizen, waarbij gehypothetiseerd werd dat het resultaat van dit proces 
een morfologische verklaring vanuit de hartontwikkeling kon geven voor het ontstaan van 
Mahaim tachycardie. De resultaten van deze studie toonden aan dat vanaf embryonale 
dag 11.5 een myocardiale groeve wordt gevormd in het CCS-lacZ positieve weefsel van de 
primaire plooi (de grens tussen de embryonale rechter en linker ventrikel). Verdere uitgroei 
van deze groeve, samen met de uitgroei van de achterwand van de rechter ventrikel, re-
sulteerde in een splitsing van het CCS-lacZ positieve primaire plooi weefsel in een mediaal 
deel, de trabecula	septomarginalis (die de rechter bundeltak bevat) en een lateraal deel, de 
moderator	band	van de rechter ventrikel, die mediaal aansloot op de rechter bundeltak en 
die naar lateraal toe helemaal vervolgd kon worden tot aan de laterale atrioventriculaire 
overgang. Op deze manier werd een atrioventriculaire verbinding gevormd buiten de AV 
knoop om. Elektrofysiologische test werden vervolgens uitgevoerd in muizenembryo’s van 
15.5 dag oud, waarin een snede was gemaakt in verticale richting door het hart, om zo 
het hart te verdelen in een linker preparaat, die de AV-knoop en het grootste deel van de 
bundeltakken bevatte, en een rechter preparaat die het rechter atrium, de rechter ventrikel 
en de moderator band van de rechter ventrikel bevatte. Het geïsoleerde rechter atrium en 
de rechter ventrikel hadden alleen myocardiale verbinding bij de laterale AV-overgang. In 
2 van de 8 embryo’s werd achtereenvolgende electrische en mechanische activatie van de 
atria en ventrikels waargenomen in zowel de RA/RV als in de LA/LV preparaten. Morfolo-
gische studie van deze preparaten toonde aan dat de geleiding van de electrische impuls in 
het rechter preparaat alleen kon hebben plaatsgevonden over de laterale atrioventriculaire 
verbinding langs de vrije wand van het rechter atrium naar de rechter ventrikel: een gebied 
dat overeenkomt met de lokatie van de moderator band van de rechter ventrikel, en met de 
lokatie van Mahaim verbindingen in de mens.

In hoofdstuk 4 werd de histologie van de linker atriumwand in relatie tot de incorpora-
tie van de pulmonaalvenen immunohistochemisch bestudeerd in 16 humane embryo’s en 
foetussen, een neonaat en 5 volwassenen. Histologische kleuringen werden uitgevoerd om 
onderscheid te kunnen maken tussen de verschillende weefsels van de wand van de atria en 
de pulmonaalvenen. Gebaseerd op histologische criteria, konden er drie verschillende com-
partimenten worden onderscheiden in het linker atrium: het gladwandige corpus van het 
linker atrium met vaatwandweefsel, dat na incorporatie van de pulmonaalvenen niet kon 
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worden onderscheiden van de vaatwand van de pulmonaalvenen; het getrabeculariseerde 
linker hartoor, zonder vaatwand weefsel; en een overgangszone tussen het linker hartoor 
en het lichaam van het linker atrium, dat gladwandig was en geen vaatwand bezat (en 
histologische het meest leek op het sinus venarum weefsel van het lichaam van het rechter 
atrium). Het rechter hartoor, het corpus van het rechter atrium en het atriumseptum wa-
ren niet bedekt met vaatwand. Er werd gehypothethiseerd dat gedurende de ontwikkeling, 
ten gevolge van het incorporatie proces van de pulmonaalvenen, linkszijdig sinus venosus 
weefsel verplaatst is richting de overgang met het linker hartoor. Verder werd geobserveerd 
dat de linker atrium achterwand tussen de pulmonaalvenen soms matig van myocard voor-
zien is zijn of dat het myocard zelfs afwezig kan zijn. Of dit verschijnsel gecorreleerd is met 
de pulmonaalvene incorporatie in het linker atrium, verdient nader onderzoek. De linker 
atrium wand kan gemakkelijk worden beschadigd door het ontbreken van voldoende my-
ocard. Ten gevolge van het incorporatieproces van de pulmonaalvenen in het linker atrium 
bestaat de binnenwand van het linker atrium uit vaatwand en er is geen histologische grens 
waarneembaar tussen het corpus van het linker atrium en de pulmonaalvenen.

Deel II

In hoofdstuk 5 werd multi-slice computed tomografie (MSCT) gebruikt voor de evaluatie 
van het linker atrium en de pulmonaalvenen voorafgaand aan radiofrequente catheter ab-
latie rondom de pulmonaalvenen in 23 patiënten met boezemfibrilleren en in 11 controle 
patiënten zonder boezemfibrilleren. In dit hoofdstuk werd een methode ontwikkeld om de 
atrio-pulmonaal veneuze overgang te evalueren, gebruikt makend van multi-slice compu-
ted tomografie (multi-slice CT). De atrio-pulmonaal veneuze overgang werd geëvalueerd 
in 3 verschillende orthogonale vlakken en met behulp van 3-D reconstructies. Metingen 
in 2 orthogonale vlakken werden verricht met behulp van de techniek van multi-planar 
reformatting. Gebruik makend van deze gestandaardiseerde methode, werden grote inter-
individuele anatomische variaties geobserveerd. Gemeenschappelijke ostia van de linker en 
rechter pulmonaalvenen werden gezien in respectievelijk 9/23(83%) en 9/23(39%) van de 
patiënten. Extra rechter pulmonaalvenen, waarschijnlijk ten behoeve van drainage van de 
rechter middenkwab, werden gezien in 6/23 (26%) patiënten, terwijl een additionele linker 
vene (waarschijnlijk het lingula gebied van de linker long drainerend) werd geobserveerd 
in slechts 1(4%) patiënt. Vroege vertakkingen van longvenen kwamen vaker voor in rechter 
versus linker pulmonaalvenen. Er werden geen statistisch significante verschillen gevonden 
in het voorkomen van variaties tussen patiënten en controle personen in deze studie. Daar-
naast werd aangetoond dat de ostia van pulmonaalvenen asymmetrisch van vorm zijn. 
Linkszijdige venen zijn significant meer ovaal gevormd dan rechtzijdige venen. Hoewel de 
grootte van de ostia een trend naar vergroting in personen met boezemfibrilleren vertoon-
den, waren de verschillen in grootte tussen beide groepen niet significant. De informatie 



Sam
envatting en C

onclusies

223

verkregen door multi-slice CT werd gebruikt ter begeleiding van radiofrequente catheter 
ablatie rondom de ostia van de pulmonaalvenen. 

Hoofdstuk 6 geeft een overzicht van de toepassingen van intracardiale echocardiografie in 
percutane interventieprocedures. Een overzicht van de geschiedenis van intracardiale echo-
cardiografie wordt gegeven, evenals de technische vereisten. Tegenwoordig kan met de 
laagfrequente transducers intracardiale echocardiografie van het gehele hart plaatsvinden 
met een echocatheter gepositioneerd in het rechter atrium of in de rechter ventrikel. Klini-
sche toepassingen van intracardiale echocardiografie omvatten: evaluatie van de aanwezig-
heid van intracardiale trombus, transseptale punctie, sluiting van atriumseptum defecten, 
het begeleiden van electrofysiologische procedures (zoals radiofrequente catheter ablatie 
van boezemfibrilleren, boezemtachycardie, complexe boezemflutter en ventrikeltachycar-
die), diagnostische biopsie en visualisatie van de sinus coronarius. Doppler eigenschappen 
maken hemodynamische metingen mogelijk, zoals de evaluatie van stroomsnelheden in de 
pulmonaalvenen voorafgaand aan en na radiofrequente catheter ablatie, ter beoordeling 
van het ontstaan van acute pulmonaalvene stenose. 

Hoofdstuk 7 beschrijft het gebruik van intracardiale echocardiografie voor de beoordeling 
van het linker atrium en pulmonaalvene anatomie bij 31 patiënten die werden opgenomen 
voor het ondergaan van radiofrequente catheter ablatie rondom de pulmonaalvene ostia. 
Een methode voor de beoordeling van de atrio-pulmonaal veneuze overgang wordt beschre-
ven, gebruik makend van 2-D echovlakken. Met deze methode werd een gemeenschappelijk 
ostium van de linker en rechter pulmonaalvenen geobserveerd in 22(71%) and 10(32%) 
patiënten respectievelijk. Additionele rechter pulmonaalvenen werden geobserveerd in 
6(19%) patiënten. Voorafgaande aan de procedure werd intracardiale echocardiografie 
gebruikt ter beoordeling van het linker atrium en het linker hartoor op de aanwezigheid van 
een trombus. Twee patiënten werden niet behandeld met radiofrequente catheter ablatie 
vanwege verdenking op een intracardiale trombus met intracardiale echocardiografie, en 
in één patiënt kon geen transseptale punctie worden verricht vanwege een aneurysmatisch 
septum. Gedurende de procedure werd intracardiale echo gebruikt voor het begeleiden van 
de transseptale punctie, het begeleiden van catheters bij de pulmonaalvene ostia en voor 
het continu bewaken van het optreden van acute complicaties. In de 28 patiënten die be-
handeld werden, waren de gemiddelde diameters van de rechter bovenste pulmonaalvenen 
en van de gemeenschappelijke ostia van de linker pulmonaalvenen significant kleiner na 
radiofrequente catheter ablatie. De diameters van de ostia van de andere venen waren in 
geringe mate, doch niet significant kleiner. De gemiddelde piek-systolische stroomsnelhe-
den in de pulmonaalvenen na radiofrequente catheter ablatie waren niet significant hoger 
in alle venen, erop wijzend dat een lichte vernauwing van de pulmonaalvenen direct na de 
procedure geen significante hemodynamische consequenties heeft.
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Na de beoordeling van het linker atrium en de pulmonaalvene-anatomie met zowel multi-
slice CT als met intracardiale echocardiografie, was de volgende stap het uitvoeren van een 
directe vergelijking tussen beide technieken, hetgeen wordt beschreven in hoofdstuk 8. In 
deze studie, uitgevoerd in 42 patiënten, werden zowel de observatie van het voorkomen 
van anatomische variaties als de metingen verricht bij de pulmonaalvene ostia vergeleken 
tussen beide technieken. De resultaten van deze studie laten zien dat er grote interindivi-
duele variatie kan worden aangetoond met beide technieken. Echter, als multi-slice CT 
gebruikt wordt als de gouden standaard, is de gevoeligheid voor het aantonen van extra 
pulmonaalvene takken groter voor multi-slice CT dan voor intracardiale echocardiografie. 
De resultaten van de metingen van de pulmonaalvene ostia suggereren een onderschatting 
van de grootte van de ostia, en een minder nauwkeurige bepaling van de vorm van het os-
tium door intracardiale echocardiografie.

In hoofdstuk 9 wordt de beoordeling van het coronaire veneuze systeem door multi-slice 
CT beschreven. Het coronair veneuze systeem is de afgelopen tijd toenemend in de aan-
dacht gekomen, zowel in relatie tot de implantatie van biventriculaire pacemakers in het 
kader van cardiale resynchronisatie therapie, als bij electrofysiologische catheter ablatie 
procedures. In een aantal patiënten is cannulatie van de sinus coronarius en het opvoeren 
van catheters niet mogelijk ten gevolge van vernauwing van het sinus coronarius ostium en 
een gebrek aan geschikte zijtakken. Derhalve kan het verkrijgen anatomische informatie 
voorafgaand aan deze procedures nodig zijn. Het coronaire veneuze systeem werd geëvalu-
eerd in 38 patiënten. Zoals ook gezien werd in het pulmonaal veneuze systeem, werd er in 
het coronair veneuze systeem een grote interindividuele variatie in anatomie geobserveerd. 
Anatomische varianten werden verdeeld in 3 groepen, afhankelijk van de continuïteit van 
het coronaire veneuze systeem bij de crux cordis. De meest frequent geobserveerde vari-
ant liet een aparte inmonding zien van de sinus coronarius en de small cardiac vein (SCV) 
in het rechter atrium (24(63%) patiënten). In 11(29%) patiënten was er continuïteit van 
het anteriore en posteriore veneuze system bij de crux cordis. In 3(8%) patiënten, was er 
geen verbinding van de posterior interventricular vein (PIV) met de sinus coronarius. Grote 
interindividuele anatomische variaties in de aanwezigheid van posterolaterale takken en 
in afstanden tussen aftakkingen van de sinus coronarius werden geobserveerd. Terwijl de 
sinus coronarius en de PIV werden geobserveerd in alle patiënten, werden de posterior 
vein of the left ventricle (PVLV) en de left marginal vein (LMV) geobserveerd in 36(95%) en 
23(61%) patiënten respectievelijk. Daarnaast toonden metingen van de ostia van de sinus 
coronarius in 2 perpendiculaire richtingen met behulp van multiplanare reformatting, een 
ovale vorm van het sinus coronarius ostium aan.

Tenslotte werd er in hoofdstuk 10 een correlatie gemaakt tussen anatomie en electrofy-
siologie door data verkregen door studie van CCS-lacZ muizen te correleren met klinische 
mapping data bij patiënten met atriale ritmestoornissen. Vijfendertig patiënten met focale 



linker atrium tachycardieën werden geanalyseerd in deze studie. In 10 patiënten origineer-
de de tachycardie uit een circumscripte regio bij de overgang tussen de aorta en de mitra-
lisklep. Deze plaats van herkomst van atriale ritmestoornissen, the mitralis annulus-aorta 
overgang, correleerde met het expressie patroon van CCS-lacZ in muizenembryo’s, indica-
tief voor zich ontwikkelend cardiaal geleidingssysteem. Radiofrequente catheter ablatie op 
deze plaats bij de tachycardie patiënten elimineerde de tachycardie zonder recidief bij een 
gemiddelde follow-up van 24±19 maanden. Er werd gehypothetiseerd dat overblijfselen 
van het zich ontwikkelende cardiale geleidingssysteem het onderliggende substraat zouden 
kunnen zijn van deze ritmestoornissen.
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l	 Anatomische lokaties in het hart die gerelateerd zijn aan het voorkomen van klinisch re-
levante hartritmestoornissen, correleren met het voorkomen van CCS-lacZ positieve cellen, 
wijzend op gebieden van zich ontwikkelend cardiaal geleidingssysteem.
 
l	 Na vorming van het instroomgebied van de rechter ventrikel, is er een CCS-lacZ positieve 
verbinding aanwezig die kan worden vervolgd van de rechter bundeltak tot aan de laterale 
atrioventriculaire ring, die overeenkomt met de anatomische lokatie van Mahaim verbin-
dingen in mensen, hetgeen de hypothese ondersteunt dat deze verbindingen een morfolo-
gische verklaring kunnen vormen voor het voorkomen van Mahaim tachycardie
 
l	 Ten gevolge van de incorporatie van de pulmonaalvenen in het linker atrium gedurende 
de ontwikkeling, is er geen histologisch duidelijke overgang of verschil tussen de wand van 
het linker atrium en de vaatwand van de pulmonaalvenen.
 
l	 Multi-slice CT kan worden gebruikt om de atrio-pulmonaal veneuze overgang te defini-
eren en aldus de ostiale inmonding van de pulmonaalvenen, de aanwezigheid van additio-
nele pulmonaalvenen en vroege vertakkingen te beoordelen. Herkenning van de variaties in 
pulmonaalvene anatomie met behulp van een gestandaardiseerde methode, kan radiofre-
quente catheter ablatie rondom pulmonaalvene ostia faciliteren.
 
l	 Met gebruik van multi-slice CT als de gouden standaard, is de sensitiviteit voor detectie 
van additionele pulmonaalvene taken hoger voor multi-slice CT dan voor intracardiale 
echocardiografie. 3-D beeldvormende technieken, zoals multi-slice CT, zijn nodig voor het 
aantonen van een asymmetrische vorm van pulmonaalvene ostia. 

l	 Beeldvorming van variaties in het coronair veneuze system is een nieuwe toepassing van 
multi-slice CT die gevolgen kan hebben voor de verbetering van de selectie van patiënten 
voor cardiale resynchronisatie therapie. 

l	 Het overgangsgebeid tussen de mitralisklep annulus en de aorta is een voorkeursgebied 
voor het optreden van atriale tachycardieën, en is toegankelijk voor catheter ablatie.
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Toekomstperspectieven

Ontwikkeling van het cardiale geleidingssysteem
Voor studie van het zich ontwikkelende cardiale geleidingssysteem heeft de onderzoeksgroep 
in Leiden tot nog toe gewerkt met verschillende markers, zoals HNK1 en de marker CCS-
lacZ die gebruikt werd in de studies van dit proefschrift. Het is duidelijk dat de ontwikkeling 
van het cardiale geleidingssysteem een complex proces is, waarbij niet een gen betrokken 
is, maar dat veel waarschijnlijker het resultaat is van de complexe interactie tussen verschil-
lende genen. Toekomstig onderzoek zal zich richten op de reconstructie van de expressie van 
myocardiale en cardiale geleidingssysteem markers (zoals podoplanine en nkx2.5) en hun 
interactie. Daarnaast zullen functionele electrofysiologische tests helpen om de functie van 
verschillende genen en factoren betrokken bij de ontwikkeling van het geleidingssysteem op 
te helderen. De correlatie tussen anatomie en electrofysiologie kan verder worden verlicht 
door studie van electrische activatiepatronen en het vergelijken van resultaten tussen gezon-
de embryo’s en embryo’s met ontwikkelingsanomalieën van het cardiale geleidingssysteem. 
Een andere vraag die opheldering verdient is wat de cardiomyocyt induceert om zich te ont-
wikkelen tot ofwel een werkmyocardcel, danwel een cardiale geleidingscel. In onze eerdere 
studies werd gehypothethiseerd dat cardiale neurale lijst cellen, evenals van het epicardium 
afgeleide cellen, een indirect effect op dit proces zouden kunnen hebben. Het exacte mecha-
nisme dat ervoor zorgt dat de cardiomyocyt zich ontwikkelt tot een werkmyocardcel of een 
geleidingscel, is echter onduidelijk en zal in de toekomst nadere aandacht krijgen.

Beeldvorming bij electrofysiologische interventie procedures: “The Future is Fusion”
Bij het klinische onderzoek verricht in dit proefschrift, werden multipele beeldvormende 
technieken parallel gebruikt ter facilitaire van radiofrequente catheter ablatie procedures. 
Momenteel is het mogelijk om de beelden verkregen met multi-slice CT, te fuseren met 
3-dimensionele mapping systemen. Gebruik makend van deze geïntegreerde benadering, 
kunnen online activatiemaps direct gecorreleerd worden met de anatomie van de patiënt, 
verkregen met multi-slice CT. Deze nieuwe technologie breidt niet alleen de mogelijkheden 
uit om anatomie met electrofysiologie te correleren gedurende de behandeling van boe-
zemfibrilleren, maar ook gedurende de ablatie van ventriculaire tachycardie gebruik ma-
kend van een endocardiale of epicardiale benadering (Zeppenfeld, Tops et al, Circulation 
2006-In	Press). Daarnaast kan integratie van activatiemaps met hoog-resolutie multi-slice 
CT belangrijk worden voor het begeleiden van de implantatie van biventriculaire pacema-
kers, gezien het feit dat de plaats van laatste activatie direct gecorreleerd kan worden aan 
de ventriculaire anatomie en de aanwezigheid van geschikte coronaire venen (voor de im-
plantatie van de linker ventrikel lead) op deze lokatie. Een volgende stap in de evaluatie van 
deze techniek is het verrichten van prospectieve studies ter vergelijking van de resultaten bij 
patiënten behandeld met gebruik van standaard angiografie met de resultaten bij patiën-
ten waarbij gebruik werd gemaakt van de geïntegreerde beeldvorming benadering.
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