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ABSTRACT

The aim of this study was to find non-invasive parameters obtained during sinus rhythm
(SR) reflecting electrophysiological patterns related to propensity to atrial fibrillation (AF)
and particularly to AF occurring without any associated heart disease. This condition,
called lone atrial fibrillation, is frequent among patients with onset of AF before middle
age and appears usually as paroxysmal.

Overall 240 subjects were enrolled, 136 patients with paroxysmal AF and 104 controls.
Mean age of the patients was 45 years and about three-fourths were male. Signal
measurements were performed by non-invasive multichannel magnetocardiography
(MCG) and by invasive electroanatomic mapping (EAM). All measurements were done
during SR.

In a pilot study, 9 AF patients and 10 healthy subjects were investigated to evaluate
recording and reproducibility of atrial depolarization signal in MCG. High-pass filtering
techniques were adapted to analyze atrial MCG signal, and automated detection of onset
and end of atrial signal was defined. Next, these techniques were applied to explore atrial
electrophysiological properties in 80 patients with paroxysmal lone AF and 80 controls.
Of particular interest in this study was to find whether any difference exists between those
who have frequent triggers of AF (focal type) and those who do not. Atrial activation,
especially propagation from right to left atrium (LA), was elucidated by EAM, and by
MCG mapping. EAM was conducted in 55 patients with paroxysmal AF. Half of these
patients also underwent MCG measurements. In MCG, a new analysis method based on a
surface gradient technique was utilized and validated with EAM as a reference. The MCG
method was applied also in a cohort of 107 lone paroxysmal AF patients and 94 controls
to find possible differences in interatrial conduction pathways between patients and
healthy subjects.

The results showed that MCG mapping is an accurate noninvasive method to detect atrial
electrophysiologic properties in patients with AF and healthy subjects. The duration of the
high frequency component of the atrial magnetic signal, representing atrial depolarization,
and several parameters describing magnetic field strength during atrial activation could be
measured automatically and with good reproducibility. The propagation of atrial signal
could also be evaluated. In the time intervals applied, representing right atrial (RA) and
LA activation, the MCG pseudocurrent angle seemed to represent the direction of
propagation. Three MCG atrial wave types were identified, each of which represented a
distinct interatrial activation pattern.
In patients with lone paroxysmal AF, duration of the atrial depolarization complex was

marginally prolonged. This difference was more obvious in women than in men and was
also related to interatrial conduction patterns. In the focal type of AF, the root mean square
(RMS) amplitudes of the atrial signal were normal, but in AF without demonstrable
triggers the late atrial RMS amplitudes were reduced. In addition, in paroxysmal lone AF
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the atrial characteristics tended to remain similar, showing no obvious disease progression,
even when examined several years after the first AF episodes.
The intra-atrial recordings confirmed the occurrence of three distinct sites of electrical

connection from RA to LA: the Bachmann bundle (BB), the margin of the fossa ovalis
(FO), and the coronary sinus ostial area (CS). High inter-individual variation in these
connections was evident in patients with lone paroxysmal AF. In almost one-third of these
patients, the activation was propagated from RA to LA during SR via routes other than
BB. The variability in interatrial impulse propagation was reflected in atrial activation
times.
Interatrial signal propagation was assessed also in healthy subjects. MCG mapping

differed between patients with lone paroxysmal AF and controls. All three MCG atrial
wave types occurred in both groups, but in different proportions and in patients,
unexpectedly, not the CS type maps, but FO or multisite conduction maps were more
common. Activation type was reflected in duration of atrial complex as seen in invasive
studies. In the activation pattern related to the BB connection, the duration in patients was
longer. In the FO or multisite conduction type, the duration was long both in patients and
in controls.

In conclusion, in paroxysmal lone AF, active focal triggers are common, atrial
depolarization is slightly prolonged, but with a normal amplitude, and the arrhythmia does
not necessarily lead to electrical or mechanical dysfunction of the atria. In women the
prolongation of atrial depolarization is more obvious. This may be related to gender
differences in presentation of AF, for example, normal female atria may be less vulnerable
to AF unless an additional pathologic process develops. A significant minority of patients
with lone paroxysmal AF lack frequent focal triggers, and in them, the late atrial signal
amplitude is reduced, possibly signifying a wider degenerative process in the LA. In these
patients the atria may be more vulnerable and fibrillate with less provocation than occurs
in patients with the focal type of AF. In lone AF, natural impulse propagation from RA to
LA during SR goes through one or more of the principal pathways described. The BB is
the most common route, but in one-third, the earliest LA activation occurs outside the BB.
Susceptibility to paroxysmal lone AF is associated with propagation of the atrial signal via
the margin of the FO or via multiple pathways. When conduction occurs via the BB, it is
related to prolonged atrial activation. Thus, altered and alternative conduction pathways
may contribute to the pathogenesis of lone AF.

Evidence is growing regarding variability in genesis of AF also within lone paroxysmal
AF. The present study suggests that this variation may be reflected in cardiac signal
pattern. Recognizing the distinct signal profiles may assist in understanding the
pathogenesis of AF and identifying subgroups for patient-tailored therapy.
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1 INTRODUCTION

“have tremor cordis on me: my heart dances; but not for joy; not joy.”

William Shakespeare. The Winter’s Tale 1611

Atrial fibrillation (AF) is a supraventricular tachyarrhythmia characterized by
uncoordinated atrial activity with deterioration of atrial mechanical function (Bellet 1971).
It is the most common sustained tachyarrhythmia requiring treatment by a physician, and
is associated with substantial morbidity, increased mortality and cost (Kannel et al. 1998,
Benjamin et al. 1998, Vidaillet et al. 2002, Go et al. 2001, Maisel and Stevenson 2003,
Wattigney et al. 2003, Stewart et al. 2002, 2004, Le Heuzey et al. 2004, Lehto et al. 2005).
AF already affects an estimated 4 million people in Western Europe alone, and the number
of AF patients is increasing (Go et al. 2001). The prevalence of AF is 0.4 to 1% in the
general population (Feinberg et al. 1995, Kannel et al. 1998, Go et al. 2001), increasing
with age to almost 9% in those over 80 (Furberg et al. 1994, Tsang et al. 2005). The
number of men and women with AF is about equal, but for unknown reasons the incidence
is greater in men (Feinberg et al. 1995, Humphries et al. 2001). More, particularly, in men
the incidence is still growing (Friberg et al. 2003).
AF is designated as paroxysmal if the arrhythmia terminates spontaneously. When

sustained beyond seven days, it is termed persistent. Both paroxysmal and persistent AF
are recurrent. The AF of patients in whom cardioversion fails or is not attempted is
classified as permanent. (Fuster et al. 2006) Patients initially presenting with paroxysmal
AF often progress to longer, non-self-terminating episodes (Kerr et al. 2005). The rate for
progression from paroxysmal to persistent AF is about 8% per year in general (Lévy et al.
1999). AF is commonly associated with cardiovascular disorders (Benjamin et al. 1994),
but in up to 30% of patients, there is no evidence of heart disease (Evans and Swann 1954,
Brand et al. 1985, Lévy et al.1999, Nieuwlaat et al. 2005, Ruigómez et al. 2005, Jahangir
et al. 2007). This condition, called lone atrial fibrillation, is frequent among patients with
onset of AF before middle age (Goudevenous et al. 1999, Lévy et al. 1999). In lone AF,
the male dominance is pronounced (Evans and Swann 1954, Patton et al. 2005), the
arrhythmia usually presents as paroxysmal (Lévy et al. 1999), and the tendency of the
arrhythmia to progress to more permanent forms is much lower than in general in AF
(Scardi et al. 1999, Jahangir et al. 2007).
AF is associated with an increased long-term risk of stroke, heart failure, and all-cause

mortality (Atrial Fibrillation Investigators 1994, Krahn et al. 1995, Stewart et al. 2002).
The mortality rate of patients with AF is about double that of patients in normal sinus
rhythm (SR). The increased mortality is linked to the severity of underlying heart disease
(Krahn et al. 1995, Lévy et al. 1999, Maggioni et al. 2005), but also in lone AF the
outcome is not always benign (Scardi et al. 1999, Darbar et al. 2003, Osranek et al. 2005).
For unknown reasons the outcome in women is worse than in men (Benjamin et al. 1998,
Stewart et al. 2002, Rienstra et al. 2005). Importantly, independent of the type of AF or
long-term risks, frequent symptomatic episodes of the arrhythmia can markedly worsen
the quality of life (Bubien et al. 1996, Grönefeld et al. 2003, Patton et al. 2005). More
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frequent and severe symptoms and equally depressed functional capacity have been
reported in AF patients than in patients with moderate heart failure or prior coronary
events (Dorian et al. 2000).
The genesis of AF varies. Paroxysmal AF is often initiated by fast-repeating atrial

complexes originating from the pulmonary veins (Haissaguerre et al. 1998), whereas onset
seems different in alcohol-toxic and vagally-induced atrial fibrillation (Maki et al. 1998,
Steinbigler et al. 2003), and may differ among various heart diseases. Impaired conduction
in atrial tissue is common in AF, but the contribution of this phenomenon to pathogenesis
of AF is not fully characterized. Several clinical subgroups exist, such as exercise- and
vagally-induced AF, familial AF, and AF related to conduction system disease and initial
stages of cardiomyopathy (Patton et al. 2005, Fuster et al. 2006). The role of these
components in an individual AF patient is, however, unclear.
The treatment modalities of AF have increased, but results are still far from optimal.

Evidence is growing that more individualized AF therapy can be beneficial (Nattel 2002,
Lewalter et al. 2006, Morady 2007). The best strategy to eliminate AF may be the accurate
identification of one or more of the mechanisms critical to the genesis of AF and to target
the specific mechanism(s) (Oral 2005). Aiming for this calls for improved diagnostics, and
given the large number of patients with AF, a non-invasive approach is required.
Subtle features in cardiac signal could serve as markers of triggers or of substrate for

AF. The ECG detects abnormalities in atrial signal in patients prone to AF. These include
prolongation of atrial depolarization, altered P wave morphology, abnormal frequency
content and increased spatial dispersion of atrial signal duration (Steinbigler et al. 2003,
Fukunami et al. 1991, Platonov et al. 2000, Dilaveris et al. 1998). A large family with a
high prevalence of lone AF and saddleback-type ST-segment elevation in leads V1–3 has
been described (Junttila et al. 2007). In another family with AF, the marked prolongation
of P wave seemed to be a marker of genomic abnormality (Darbar et al. 2008a). Normal P
wave duration has been related to vagal AF (Nemirowsky et al. 2008). However, mostly
the signal features described have not been related to specific pathogenesis or
mechanism(s) of AF.
Magnetocardiography (MCG) is a non-invasive method complementary to ECG to

examine cardiac electromagnetic activity. MCG has morphological features similar to the P
wave, QRS complex, and T- and U-waves of the ECG and the temporal relations between
them are generally the same but the spatial orientation differs (Saarinen et al. 1978). In
MCG, the currents tangential to the Bz component, which is perpendicular to the sensor
surface and anterior chest, yield the strongest signal, whereas ECG is sensitive to radial
currents. MCG can measure a close-looped current on the myocardium, while the ECG
records it as a zero potential. MCG is also less affected by conductivity variations caused
by the lungs, muscles, and skin (Plonsey 1972, Siltanen 1989). Thus, MCG may reveal
abnormalities not detectable by ECG techniques explored thus far.
The objective of this study was to evaluate clinical characteristics of lone AF and to

develop non-invasive methods to define propensity to AF. The ultimate target is the
identification of AF subgroups in relation to pathogenesis of arrhythmia, in order to help
to tailor an individual theraphy for the patients.
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2 REVIEW OF THE LITERATURE

2.1 Atrial anatomy, conduction routes

The ingenious gross structure and myoarchitecture of human atria is critically important
not only to the function of the atria, but also to their electrophysiology (Lesh et al. 1996).
The normal activation of the atria can be explained by the geometric arrangement of atrial
musculature. The conduction of impulses within the atria, rather than purely through radial
spreading, takes place through preferential muscular bundles (Spach et al. 1969). In the
atria pierced by several holes, the bundles represent the shortest route(s) from impulse
origin to atrioventricular node and to interatrial connections (Andersson et al. 1981).
Moreover, the bundles serve as the routes of the highest conduction velocity in the atria. In
the atrial myocardium, the conduction velocity from cell to cell at a right angle to the
myofibers (anisotropic conduction) is about 0.25 m/s and longitudinally the double of that,
0.5 m/s (Roberts et al. 1979). Along specialized bundles with muscle fibers arranged in
parallel the conduction velocity is 1.5 m/s, or even higher (Hayashi et al. 1982).

2.1.1 Gross anatomy and myoarchitecture

The two atrial cavities of the human heart are muscular sacks, each with a volume 40 to
100 ml (Keller et al. 2000). Both atria have several obstacles, a venous component, the
vestibule, an appendage, the common septum, and the adjacent walls between the
chambers. Topographically (the nomenclature here follows the recommendations for
standard anatomic terminology; Cosío et al. 1999), viewed from the front, the right atrium
(RA) is positioned to the right and anterior, while the left atrium (LA) is situated to the left
and posterior (Figure 1). The front of the LA lies behind the aortic sinuses, and the
posterior wall is just in front of the tracheal bifurcation. The right superior pulmonary vein
(PV) passes posterior to the superior caval vein (CV), with the right inferior PV passing
behind the venous sinus of the RA. The atrial septum runs obliquely from the front
posteriorly and right. (Ho et al. 2002)
In the RA, the venous sinus is the posterior smooth-walled component which receives

the superior and inferior CVs and the orifice of the coronary sinus (CS). Externally it
extends between the interatrial groove and the terminal groove lateral to the superior CV.
The triangular-shaped appendix of the RA is anterolateral to the superior CV. The PVs
join the posterior part of the LA, the orifices of the left PVs being located more superior
than are those of the right PVs. The CS is related posterior and inferior to the LA. It
occupies the left atrioventrocular groove. The vein of Marshall extends from the area
between the left superior PV and the LA appendix and runs inferiorly to join the CS. In
most subjects, this vein is obliterated. The LA appendix is located in the anterolateral part
of LA inferiomediate to the left superior PV.



13

Figure 1. Computer tomograph showing topography of the atria. Transaxial (upper) and
transsagittal (lower) plaine in the middle portion of the atria. The left atrium (LA) is located
posterior to and slightly more left and superior to the right atrium (RA). Ao, aorta; ICV, inferior
caval vein; LV, left ventricle; RV, right ventricle; SCV, superior caval vein. Sari Kivistö (2008)
with permission.
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The atrial walls consist of one to three or more overlapping layers of differently
aligned myocardial fibers and bundles, with regional variations in thickness from 3 to 8
mm in the RA and from 3 to 5 mm in the LA (Wang et al. 1995, Ho et al. 1999). In
patients with a history of AF, the LA posterior wall is generally thinner than in controls
(Platonov et al. 2008). Local variations and a mixed arrangement of fibers are common
(Wang et al. 1995).
The most prominent bundle in the RA is the terminal crest. It extends in a C-shape

from the anteromedial wall of the RA, passes anterior to the orifice of the superior CV,
and continues downward on the right of the CVs and merges inferiorly near the orifice of
the CS. Other bundles are the circumferential annular bundle and the external
cirumferental bundle (the right extremity of the Bachmann bundle, (BB), and the more
internal oblique intercaval bundle. The oblique bundle extends from the terminal groove,
running lateroposterior to the posterior interatrial groove. (Wang et al. 1995)
In the LA, the most prominent bundle is the left extremity of the BB. Others are the

longitudinal septoatrial bundle, which extends from the anteroinferior margin of the
septum to the mitral ring, and septopulmonary bundle. The septopulmonary bundle rises
from the anterosuperior septum and sweeps superior to it, becomes mainly longitudinal,
branches to pass around the insertions of the PVs, and then branches into two oblique
fascicles which fuse with the superficial circular bundle. (Wang et al. 1995)
The true atrial septum consists mainly of the flap valve of the oval fossa (FO), a

fibrous structure with a muscular circumference and floor. The fossa has a well-marked
rim of muscle. The inferior part of the rim (sinus septum), separates the orifice of the CS
from that of the inferior CV. The extensive musculature seen anteromedial and superior, is
the infolding wall of the atria behind the aorta and between the superior CV and the right
PVs. The peripheral fibers in the anterosuperior rim extend toward the origin of the
terminal crest. (Wang et al. 1995) The fibers in the anterior rim combine with fibers from
the apex of Koch’s triangle and the eustachian ridge (Janse et al. 1993). Fibers in the
posterior rim blend into obliquely arranged fibers of the intercaval bundle which covers
the epicardial surface of the venous sinus between the interatrial groove and the terminal
groove (Wang et al. 1995).

2.1.2 Interatrial connections

Despite the true, relatively small, real septum, the muscular continuity between the atria
consists of bridges in the subepicardium. The most prominent muscular bridge is the BB
(also called the interatrial bundle and interauricular band). This bundle extends from the
right of the orifice of the superior CV or the atriocaval junction and crosses the superior
CV and the anterior wall of the LA transversely until it approaches the left appendage,
where it divides into upper and lower branches encircling the mouth of the appendage.
Smaller interatrial bundles alongside the BB crossing anterior to the interatrial groove are
common (Ho et al. 1999). Other bridges are sometimes present posteriorly, joining the LA
to the intercaval area on the right and to the insertion of the inferior CV, and providing the
potential for a posterior breakthrough of the sinus impulse. Inferiorly, further muscular
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bridges from the LA wall run into the wall of the CS, providing further pathways of
conduction between the RA and LA (Ho et al. 2000, Chauvin et al. 2000, Platonov et al.
2002, Mitrofanova et al. 2005).
The high inter-individual variation in all these connections including the BB is

marked. One study of human hearts reported the BB in only 55% of cases in histological
sections, and macroscopically visible anterior bundles were visible in only 29% of the
specimens (Mikhailov and Chukbar 1982). In a post-mortem study of Platonov and
coworkers (2002), no BB was present in 53% of the hearts.

2.2 Atrial activation during sinus rhythm

2.2.1 Origin of the sinus impulse

The origin of the sinus impulse has been located in the specialized tissue in the groove
formed by the junction of the superior CV and the RA atrium (Keith and Flack 1907). This
sickle-shaped 1- to 2-cm long, 0.5-cm wide and 3-mm thick intramural structure is
designated the sinus node. Later studies have shown that this node is composed of several
different cell types embedded in a complex mesh of collagen fibers. The node is
histologically distinguishable from the surrounding myocardium, but is not insulated from
it. The margins of the node are irregular, with multiple radiations interdigitating with the
atrial myocardium. (Sánchez-Quintana et al. 2005)
It was generally accepted that the site of the normal impulse origin is a single static

focus within the sinus node. Early on, conflicting data suggested that the site of the sinus
node can vary and also that inside the node the focus is not static. Boineau and coworkers
(1988) found that although the sinus node is normally located in a relatively limited area
in the high posterolateral RA, its location can vary within a 7.5 x 1.5 cm area along the
RA-CV junction. These findings have been confirmed by other groups (Cosío et al. 2004,
Lemery et al. 2007). In most human hearts, the node is more an epicardial than
endocardial structure. In a study by Sánchez-Quintana and coworkers (2005), the whole
nodal body was subepicardial in 72% of the specimens, and in 28% it was located at least
partly subendocardially. In concordance with this anatomical variance, the first activation
in the RA was detectable epicardially earlier than endocardially in three of ten patients
(Lemery et al. 2007). Both the site of the dominant pacemaker within the node as well as
the signal exit from the node can vary and are influenced by autonomic tone (Bromberg et
al. 1995). In the sinus node region the shift of impulse initiation alters with increasing rate
upwards and with decreasing rate downwards (Jones et al. 1978, Boineau et al. 1988). The
changes in impulse origin are reflected also in P wave morphology (Brody et al. 1967,
Gomes and Winters 1987, Boineau et al. 1988).
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2.2.2 Right atrial activation

After having been initiated at the superior posterolateral aspect of the RA, the sinus
impulse propagates throughout the atrium along the posterior wall and medially toward
the LA, and ends along the CS and the tricuspid valve (Boineau et al. 1988, Smeets et al.
1998). In addition to these main activation fronts, the signal also proceeds upward towards
the orifice of the superior CV (De Ponti et al. 2002, Luo et al. 2003). Lemery and
coworkers (2007) found the first activation to be more anterior or more septal in 12% of
their patients. Lower points of origin have also been demonstrable (Boineau et al. 1988,
Cosío et al. 2004). These low origins have been related to more horizontal or collided
activation of the RA. However, in more than 90% of cases the propagation of the
activation of the anterior and paraseptal RA walls has been descending.

2.2.3 Interatrial conduction

The superior interatrial route, the BB, has traditionally been considered a major pathway
for fast interatrial activation spread (Bachman 1916). In addition, the muscular continuity
between the atria is formed also via small anterosuperior and posterior muscle bridges,
such as the margin of the FO and as myocardial inflow to the CS (Wang et al. 1995,
Chauvin et al. 2000, Ho et al. 2002). All of these are potential pathways for signal
propagation from the RA to LA. However, little evidence exists in regard to the electrical
function of these connections in humans.
Roithinger and coworkers (1999) showed three distinct sites of early RA activation

both during LA pacing and during distal CS pacing. These sites were in accordance with
the BB, the margin of the FO, and the area of the orifice of the CS. In a subsequent non-
contact mapping study by Calò and coworkers (2002), pacing from the LA revealed the
earliest RA activation in these same three areas. The preferential routes of conduction
were related to the sites of stimulation and were not influenced by pacing cycle length.
The bidirectional electrical connection between CS and LA in humans was verified by
Oral and coworkers (2003). Interestingly, after disconnection of the CS from the LA, the P
wave duration in lead II increased from its baseline value by 10 ms. Right-to-left
conduction via the CS route was first shown in the dog (Antz et al. 1998) and then
confirmed in humans. In a study by Lemery and coworkers (2004) CS conduction was
demonstrated in 10% of AF patients during low lateral RA pacing, but not during SR or
high RA pacing. In another study, the conduction across the CS ostium could be measured
also during SR (Xia et al. 2004). This conduction was observable in all study patients, but
the velocity was significantly slower in patients with AF than in patients with other atrial
arrhythmias. Right-to-left conduction via the margin of the FO during SR was
demonstrated by Markides and coworkers (2003). This activation pattern was found in
10% of AF patients examined in a LA mapping study.
As yet, interatrial conduction has been addressed in only eight studies using LA

mapping (electroanatomical contact mapping, four; non-contact mapping, four; Table 1).
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Overall, these studies included 136 patients: 8 Wolf-Parkinson-White syndrome (WPW)
patients and 128 AF patients.

Table 1. Function of interatrial connections during sinus rhythm in humans. Overview of studies
using left atrial mapping.

Study No of
patients

Mean
age
(years)

Diagnosis Mapping
technique

Conduction
via BB (%)

Conduction via
posterior/inferior
connections (%)

Smeets et
al. 1998

1 48 WPW Electro-
anatomical

100 0

Hindricks
et al. 2001

17 49 Paroxysmal
AF

Non-
contact

100 0

De Ponti et
al. 2002

7 37 WPW, no
AF

Electro-
anatomical

100 71

Markides
et al. 2003

19 55 Paroxysmal
AF

Non-
contact

37 63

Lemery et
al. 2004

20 54 Paroxysmal
AF

Non-
contact

100 0

Betts et al.
2004

9 46 Paroxysmal
AF

Non-
contact

22 78

Lemery et
al. 2007

35 56 Paroxysmal
or persistent
AF

Electro-
anatomical

88 93, CS

Holmqvist
et al. 2008

28 49 Paroxysmal
or persistent
AF

Electro-
anatomical

64 54, near FO 4, CS
7, multisite 43

AF, atrial fibrillation; CS, coronary sinus; FO, fossa ovalis; WPW, Wolf-Parkinson-White
syndrome.

Of these studies, five reported conduction over the BB bundle during SR in the vast
majority of the individuals studied (Smeets et al. 1998, Hindricks et al. 2001, De Ponti et
al 2002, Lemery et al. 2004, 2007). Two of these five studies, in addition to conduction
via BB connection, also reported a second route in most of their patients (De Ponti et al.
2002, Lemery et al. 2007). The other three studies documented an inferior route and
connection at the area of the FO margin that may also serve as predominant routes for
signal propagation from the RA to LA (Markides et al. 2003, Betts et al. 2004, Holmqvist
et al. 2008), suggesting that the importance of the BB bundle may have been
overestimated.
Conductivity can vary intra-individually and is possibly rate-dependent (Caló et al.

2002, Markides et al. 2003). In addition, the site of impulse origin may affect the choice of
the propagation route (Boineua et al. 1988, Lemery et al. 2004). This has recently been
confirmed for LA focal tachycardias originating from the PVs ostia that propagate to the
RA predominantly via the posterior interatrial connections and not via the BB (Dong et al.
2005). Computer models have supported this (Harrild et al. 2000). A shift in LA activation
site has been demonstrated also during SR (Markides et al. 2003). In anatomic studies, the
muscle bands show considerable interindividual variability (Mikhailov and Chukbar 1982,
Chauvin et al. 2000, Platonov et al. 2002, Mitrofanova et al. 2005).
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Overall, these studies suggest conduction over the BB to be the most common
activation pattern during SR. However, other routes are also demonstrated either in
conjunction with the BB or independent of the BB route. Except for two small studies
(Smeets et al. 1998, De Ponti et al. 2002), including altogether eight WPW patients, LA
mappings have been performed on patients admitted for ablation of AF. Electrophysiology
of normal interatrial conduction in healthy humans thus still remains largely unexplored.

2.2.4 Left atrial activation

The signal propagation in LA is reported to be primarily leftward and superior to inferior
(Boineau et al. 1988, Canavan et al. 1988, Smeets et al. 1998, Markides et al. 2003, Betts
et al. 2004). The excitation occurs as two or three wavefronts colliding at the area of the
last activation (Boineau et al. 1988, Harrild and Henriquez 2000). Lines of conduction
block or delay in the posterior wall of the LA, most commonly between the right upper
and lower PVs extending inferior to the mitral valve annulus, have been described in two
non-contact mapping studies (Markides et al. 2003, Betts et al. 2004). In the study of
Markides and coworkers (2003), the LA activation during SR proceeded both septally and
laterally from the point(s) of earliest breakthrough: In 79% of patients, the line was
complete, and excitatory wavefronts propagating septally could not cross the interatrial
septum in a craniocaudal direction; wavefronts propagating laterally wrapped around the
lateral LA before turning inferoseptally to complete LA activation near the posteroseptal
mitral valve annulus. In the remaining 21% of patients, the septal part of the line was
incomplete, allowing craniocaudal wavefront propagation along the interatrial septum. LA
activation was completed with a collision of wavefronts in the posterolateral LA. Findings
in the other study supported this (Betts et al. 2004).
During proximal CS pacing the LA breakthrough occurred on the opposite side of the

line of conduction block compared with SR and RA pacing. As a result, when the line of
conduction block was complete, the activation sequence of the LA was reversed compared
with SR, with latest activation at the roof anterior to the right superior PV ostium
(Markides et al. 2003).
The influence of breakthrough site upon LA activation pattern is not well established

as yet. The site of RA pacing influencing choice of interatrial route has been shown to
have an influence also on LA activation time (Markides et al. 2003, Lemery et al. 2004).

2.2.5 Atrial activation times

Few studies have reported atrial activation times during SR. Most are the same as listed in
Table 1, i.e., measurements have been done in patients with various arrhythmia histories.
In these studies using a variety of techniques, the mean RA activation time has been
approximately 70 to 100 ms, LA activation time 65 to 100 ms, and total atrial activation
time 110 to 120 ms (Boineau et al. 1988, Canavan et al. 1988 Smeets et al. 1998,
Markides et al. 2003, Cosio et al. 2004, Lemery et al. 2004, 2007, Cheung et al. 2007).
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Longer times have also been recorded; the total atrial activation time was 132 to 195 ms in
a study by Okamura and coworkers (2007). Once the RA has begun to activate, the first
signal in the LA has been detected in 26 to 41 ms (Markides et al. 2003, Lemery et al.
2004, 2007). Cheung and coworkers (2007) reported a longer LA activation time in
patients with persistent AF than in patients with paroxysmal AF. Another study showed
that the LA activation was longer in patients with AF or atrial flutter than in patients with
other atrial arrhythmias (Cosio et al. 2004).
In a computer model using BB and FO connections, the RA was activated totally by

100 ms (Harrild and Henriquez 2000). The first activation in the LA was at 30 ms, the FO
area was activating at 40 ms, and the atrial activation was completed at the mitral annulus
in the lateral inferior LA at 108 ms. In the same study, a paced model with a stimulus
applied to the RA appendix, the time for entire RA activation was 116 ms. The LA
became active at 44 ms via the BB connection, and the fossa interatrial impulse reached
the LA at 74 ms. The last activation of the LA occurred at two postero-inferior regions,
slightly more lateral than in the normal case, at 128 ms.

2.3 Mechanisms of AF

There is general agreement that the initiation and perpetuation of AF requires a trigger
(initiating event) and an arrhythmic substrate in the atria (perpetuation). The importance
of these components varies between different AFs and during different phases of AF even
within one arrhythmia episode as well as within AF history as illustrated in Figure 2.

Figure 2. Components of atrial fibrillation (AF) in different types and phases of AF.

The triggers are factors firing abnormal wavefronts, and the substrate is the
anatomical/ physiological millieu in the atrium which allows the wavefront to initiate AF.
Once initiated, the AF may manifest itself as several small circuits or wavelets, appearing
and disappearing around the atria. When the waves collide with anatomical or functional
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obstacles, or both, they generate new wavelets, if they meet excitable tissue (multiple
wavelet hypothesis). Maintenance of AF may depend on the uninterrupted periodic activity
of a few discrete re-entrant or spiral-wave sources, i.e., rotors, localized in the left (or
right) atrium. The electrical activity propagates through both atria and interacts with
anatomical and functional obstacles, leading to fragmentation and wavelet formation
(mother rotor hypotheses; leading circle or spiral-wave). (Mandapati et al. 2003, Chen et
al. 2000, Allessie et al. 2001)

2.3.1 Multiple wavelet hypothesis

In 1913 Mines first introduced the concept of wavelength and suggested that AF may be
caused by re-entry circuits. In the 1960s, the notion of closed loop re-entry was replaced
with the idea of a large number of propagation wavefronts (Moe and Abildskov 1959,
Moe 1962). This was verified in a computer model which showed that AF could be
sustained by multiple propagation wavefronts in the presence of heterogeneous refractory
properties in the atria (Moe et al. 1964). Allesie and coworkers (1977) showed that the
wavelength established the occurrence of re-entry in rabbits, and in 1985 they (Allessie et
al. 1985) were able to map the spread of excitation in the atria of the canine heart during
rapid atrial pacing-induced AF.
According to the multiple wavelet hypothesis, AF is perpetuated as long as enough

wavelets co-exist in the atria. This is mainly determined by three factors: atrial dimension
(atrial mass and structure), conduction velocity, and refractory period (and its
homogeneity). These are linked together, because, for re-entry to occur, the wavelength
must be shorter than the available substrate dimensions, and the wavelength (equal to the
distance traveled by the cardiac impulse in one refractory period) is as follows (Wiener
and Rosenblueth 1946):

Wavelength = refractory period x conduction velocity

For arrhythmia to sustain itself also requires a critical number of wavelets, six or more in
animal models (Allessie et al. 1985). Thus the shorter the wavelength and the larger the
atrial dimensions both factors increasing the number of wavelets that can co-exist
raise the likelihood that AF would be sustained. It follows also that the arrhythmia can be
stopped by increasing the wavelength, i.e., by increasing the refractory period or
conduction velocity, or by reducing atrial dimensions.

2.3.2 Mother rotor hypothesis

The first model of a rotor is one leading circle around anatomical obstacles creating new
AF wavelets to spread and thus to sustain the arrhythmia. This anatomical re-entry
hypothesis was introduced by Mines (1913). Lewis made the first direct link between re-
entrant activity and clinical arrhythmias by describing atrial flutter in the dog as re-entry in
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a cylinder of muscle around the CV and through the taenia terminalis and identifying
comparable behavior in a patient with atrial flutter (Lewis et al. 1920, 1921).
Early on, rotors were related also to the multiple wavelet theory. One dog study, to

investigate the pro-arrhythmic mechanisms of cholinergic agonists, revealed that the
number of circuits and wavelets increased in a dose-dependent fashion (Schuessler et al.
1992). This trend did not continue when the tachyarrhythmia became sustained. Instead,
the re-entry tended to stabilize to a small, single, relatively stable re-entrant circuit (i.e.,
rotor or leading circle). This was later confirmed in other animal studies which have
addressed the stabile re-entrant circuit(s) in the LA (Mandapati et al. 2000). According to
this functional leading circle model, the re-entry naturally establishes itself in a circuit the
size of the wavelength.
More recently, spiral-wave activity has been related to self-sustaining rhythms

(Panfilov and Pertsov 1982). The main difference from a leading circle is that the
maintenance of a spiral wave depends on tissue excitability, propagation strength, and the
angle of curvature of the excitatory wave front (low excitability or propagation strength
limit curvature and mandate larger spirals), not on wavelength (Figure 3). A spiral wave
results when spontaneously occurring events result in the formation of a phase singularity
around which the wave rotates. A classic scenario is provided by an ectopic activation that
initiates a wavefront which crosses the recovery front of a previous sinus beat (Comtois et
al. 2005). The occurrence of a spiral wave as a rotor in AF is experimentally supported
(Skanes et al. 1998, Ikeda et al. 1996, Vigmond et al. 2004).

Figure 3. A) The leading circle, as the smallest pathway that can support reentry, is shown as a
bold black arrow. Inside the leading circle, centripetal wavelets (small arrows) emanating from it
constantly maintain the central core in a refractory state. B) Spiral wave model: Schematic
diagram of a spiral wave, with the activation front shown in black and the repolarization front in
red. The point at which the red and black curves meet has an undefined voltage state and is
usually referred to as the phase singularity point. Reprinted from (Comtois et al. 2005) with the
permission of Oxford University Press.

Human studies have shown that the substance of focal excitators, such as muscular sleeves
in PVs and CS, may maintain stabile rotors (Oral et al. 2002, Oral 2005). Studies in
patients with AF who are undergoing mitral valve replacement suggest regular repetitive
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activations in the LA (Cox et al. 1991, Konings et al. 1994). Present dominant-wave
analyses in human atria also support the rotor hypothesis (Sanders et al. 2005). These
findings do not, however, differ between re-entrant or spiral waves. Consistent with re-
entry models, interventions which reduce the wavelength such as vagal stimulation,
which abbreviates the atrial effective refractory period (ERP) reduce circuit size and
permit more leading circles to coexist, making simultaneous spontaneous termination of
all circuits unlikely, and thus promote AF. On the other hand, interventions that increase
wavelength, such as antiarrhythmic drugs, reduce the number of circuits and suppress AF
(Rensma et al. 1988, Wang et al. 1993). Yet, for suppression of excitability by inhibiting
the Na+ current (prolonging AP), the leading circle model predicts a decrease in circuit
size and promotion of AF because of reduced conduction velocity (and consequently
wavelength). In the spiral wave model, this same inhibition should lead to enlargement of
re-entry spirals and to AF termination. (Wijffels et al. 2000, Kneller et al. 2005)

2.3.3 Focal AF

As early as 1907 it was suggested that AF is caused by single or multiple rapidly firing
foci (Winterberg 1907). During the next decades, this mechanism earned little attention.
With the finding of a focal source of AF in the late 1990s, attention returned to focal AF,
and this is now considered an important mechanism of AF. In this model, the local firing
foci are not only the source of first abnormal wavefront triggering AF, but a rotor and a
substrate maintaining the AF.

2.3.4 AF triggers

The triggers of AF include atrial premature beats (PAC) or tachycardia, bradycardia, shifts
in autonomic tone, accessory pathways, and acute stretch of atria (Allessie et al. 2001).
Despite triggering the arrhythmia, these factors can participate also in maintenance of AF
as a substrate or rotors.

2.3.4.1 Atrial ectopy and tachycardia

The independent pulsation in PVs was already described in the late 1800s (Brunton and
Fayrer 1876). The arrhythmogenic activity of the PVs was recognized in animal models in
1981 (Cheung 1981). However, the PVs and focally mediated AF became a major area of
interest only in the late 1990s, when Jaïs and coworkers (1997) and Haïssaguerre and
coworkers (1998) made the breakthrough observation that pulmonary venous ectopic foci
are common triggers for episodes of AF and that catheter ablation of these foci can cure
the arrhythmia in some patients. This led to a reappraisal of earlier anatomic work that
showed muscle sleeves extending from the LA on to the PVs (Nathan et al. 1966). Since
then, focal triggers have been found also in other areas in the atria including the superior
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CV (Tsai et al. 2000), LA posterior and anterior free wall, crista terminalis, CS ostium
(Lin et al. 2003) and ligament of Marshall (Hwang et al. 2000). In all these studies,
triggers exist most commonly in PVs (over 90%). Based on the polarity of ectopic beats in
ambulatory ECG recording, the triggering PACs were reportedly of LA origin in 74%, RA
in 15%, or were not determined (Vincenti at al. 2006).
The mechanisms of PV arrhythmogenesis include increased automaticity, triggered

activity, and re-entry (Oral 2005). Mapping within the PVs have demonstrated rapid
repetitive electrical activity (Wu et al. 2001) and intermittent PV tachycardias (Oral et al.
2002a) with a cycle length shorter than in the adjacent LA (Oral et al. 2002a, 2002b).
Moreover, the site with the shortest cycle length alternates between the LA and the PVs
(Jaïs et al. 2002). All this can favor re-entry in PVs and thus facilitate sustained
tachycardia. Haissaquere and coworkers (1998) showed that ERP within the PVs is
shorter, and decremental conduction within the PVs is more prevalent in patients with AF
than in controls. Variation in PV anatomy, including the number of veins, is common, but
is similar in AF patients and in controls (Ho et al. 2002). However, larger-size PVs in AF
patients than in controls do occur (Kato et al. 2003).
The mechanism of AF initiation from the CS focus is parallel to that of the PVs, and

CS can also participate in maintenance of AF (Oral 2003). The ligament of Marshall is a
potential source of rapid spontaneous discharges that can initiate AF (Hwang et al. 2000),
and spontaneous depolarizations from the superior CV (Tsai et al. 2000), crista terminalis,
ostium of the CS, and posterior and anterior LA all have induced AF (Lin et al. 2003).
The ectopic foci located in PVs are the most common source of focal AF, and the

arrhythmia can be terminated by ablation of such drivers (Oral 2002). What is not fully
understood, however, is why the atrial ectopy, common also in subjects without any
arrhythmias (Jensen et al. 2003), leads to AF.

2.3.4.2 Other triggering arrhythmias

The presence of accessory pathways and re-entrant supraventricular tachycardia may also
serve to initiate AF. Whether this occurs through rapid atrial rates degenerating into AF or
through abnormalities in the atrial refractory periods is debatable (Della et al. 1991,
Fujimura et al. 1990, Iesaka et al. 1998). Nonetheless, ablating this potential trigger can
avoid recurrences not only of AV re-entrant tachycardia but also of AF. Atrial flutter
(AFL) and AF frequently coexist in clinical practice. In patients with type I AFL (negative
flutter waves in the inferior leads and positive flutter waves in lead V1) as their
predominant clinical arrhythmia, RA isthmus ablation also reduces recurrences of AF.
Thus, AFL may be a triggering arrhythmia and maintenance of AF may be based on
macro-reentry around the tricuspid valve orifice including the RA isthmus. Patients with
therapy-resistant AF who develop a type I AFL while receiving class IC therapy also seem
to profit, showing a reduced incidence of AF recurrences after AFL ablation (Nabar et al.
1999).
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2.3.5 Autonomic modulation

Autonomic inputs may contribute to both the initiation and maintenance of AF (Patterson
et al. 2005). In animal studies, vagal stimulation increases the variability of atrial
refractoriness determined at different atrial sites, whereas sympathetic stimulation has no
significant effect on these indices (Liu and Nattel 1997). Other experiments have shown
that the administration of acetylcholine or methylcholine to the atrium can induce AF, and
vagal stimulus can induce prolonged episodes of AF (Burn et al. 1955, Wang et al. 1993).
High-frequency stimulation of epicardial autonomic plexi can induce triggered activity
from the PVs and also affect atrial refractory periods so as to provide a substrate for the
conversion of PV firing into sustained AF (Patterson et al. 2005). Elimination of vagal
inputs can prevent AF recurrence in both animal and patient models of vagal AF
(Patterson et al. 2005, Schauerte et al. 2000, Scanavacca et al. 2006). In human AF
patients, prevention of bradycardia with pacing has reduced AF episodes and burden
(Sulke et al. 2007). Recent data have suggested that identification and ablation of
autonomic ganglia during PV isolation may improve long-term success (Scherlag et al.
2005). However, in another report, using ganglionated plexus ablation alone in vagal AF,
the success rate was less than 30% (Scanavacca et al. 2006). Generally supported is
bradycardia-induced vagal AF in some cases, but at least as importantly, a shift in
autonomic balance as a modulator in PAC-triggered AF or also acting per se as a trigger.

2.3.6 Atrial stretch

Acute atrial dilation (Ravelli et al. 1997) as well as acute increase in atrial pressure (Satoh
and Zipes 1983) increases the inducibility of AF in animal models. In the dilatation model,
this was related to decrease in atrial ERP (Ravelli et al. 1997), but in the pressure model,
to an increase in ERP. In the pressure model, the changes were larger in thinner than in
thicker portions of the atria (Satoh and Zipes 1983).

2.3.7 Arrhythmogenic substrate

No general consensus exists on what exactly constitutes the “substrate” in clinical AF.
Most often it refers to critical regions or components of the LA anatomy/
electrophysiology that are responsible for allowing AF to perpetuate. In this scenaries, all
atrial electrical, functional, and structural properties manifesting as increased
heterogeneity of atrial conduction or refractoriness, or both, or altering atrial action
potential (AP) or atrial dimensions, can be called an arrhythmogenic substrate. Further,
any change in these properties is called remodeling. Remodeling can be divided into three
components: electrical, functional (contractile), and structural remodeling (Allessie et al.
2002). The manifestation and relative importance of these components vary and are
influenced by the driving mechanisms and time course of the exposure and can be
reversible or irreversible. On some occasions, remodeling can be protective against AF



25

(Allessie et al. 2001), but more often is a promoting factor and thus the cause of
arrhythmogenic substrate(s).

2.3.7.1 Atrial remodeling

The possibility that AF might itself remodel atria was evidenced in an animal model in the
mid 1990s. A goat-model work by Wijffels and coworkers (1995) demonstrated that the
AF produce rapid decreases in atrial refractory period and progressive increases in
spontaneous AF maintenance (AF begets AF). Later studies have confirmed these
findings, and furthermore, all the three components, electrical, functional, and structural
remodeling, have now been demonstrated (Allessie et al. 2002, Schotten et al. 2003,
Verheule et al. 2003). Moreover, at least some of these changes are reversible after SR is
restored (re-remodeling), and it seems that the inducibility of the AF decrease in relation
to time SR is maintained: sinus rhythm begets sinus rhythm (Allessie et al. 2002).

Electrical remodeling. The key features of electrical remodeling are shortening of the
atrial refractory period, loss of rate adaptation, and increased heterogeneity of atrial
conduction and refractoriness. The electrophysiological changes observed are evidently
due to changes in ion channels (Yue et al. 1997, Gaspo et al. 1997). Electrical and ionic
remodeling is involved also in functional and structural remodeling.

The functional remodeling (loss of contractility) induced by AF has been related to
calcium overload via changes in ion-channel function, but may later also accompany
structural remodeling (Sun et al. 1998, Schotten et al. 2003).

Structural remodeling. The structural changes in AF-induced atrial remodeling first are
changes in microarchitecture and later, increased fibrosis and myolysis (Allessie et al.
2002). Atrial structural remodeling also occurs as a result of heart failure and other
cardiovascular diseases and with aging. These changes seem to be dependent on driving
mechanisms. In aging as well as in congestive heart failure, the main finding is fibrosis,
while in mitral regurgitation, it is distribution of myocyte architecture and inflammation
(Nattel et al. 2005, Everet et al. 2006). Shared findings are depositions separating
myocytes from one another, or loss of myocytes, and subsequent impairment of atrial
conduction (Schotten et al. 2001).

2.3.7.2 Connection between AF substrate and AF mechanisms

In an elegant study by Everett and coworkers (2006) the type of atrial substrate was linked
to distinct AF mechanisms. Rapid atrial pacing (RAP, ventricular rate is controlled), and
methylcholine (Meth) models have been dominated by atrial electrical remodeling, which
includes a shortening of the atrial refractoriness without structural changes or changes in
conduction (Morillo et al. 1995, Schuessler et al. 1992, Verheule et al. 2004). The mitral
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regurgitation (MR) and congestive heart failure (CHF) models are dominated by changes
that result in alterations of conduction produced by atrial fibrosis in the CHF model and
myocyte architecture disruption and inflammation in the MR model (Li et al. 1999,
Verheule et al. 2003, 2004). That study demonstrated that structural remodeling of the
atria (models known to have predominantly altered conduction) leads to an AF
characterized by a stable high-frequency area (mother-rotor). In contrast, electrical
remodeling of the atria (models known to have predominantly shortened refractoriness
without significant conduction abnormalities) leads to an AF characterized by multiple
high-frequency areas and multiple wavelets (multiple wavelet hypothesis). In the RAP
model (~ persistent lone AF), these multiple wavelets foundered and showed higher
frequency in the LA than in the RA, but the Meth model (~ vagal lone AF) showed stable
high-frequency areas with multiple wavefronts in other areas of the atria and no frequency
gradient between LA and RA. This suggests that the mechanism of AF, the multiple
wavelet hypothesis, focal driver or mother rotor, depends on the existing atrial substrate.

2.3.7.3 Pulmonary veins, CS, and interatrial connections

In addition to triggering AF, PVs and the CS may also play a role in maintenance of AF.
The CS is covered with myocardial sleeves connected to the LA by several muscular
bridges. Focal atrial tachycardias originating in the CS have been reported (Eckardt et al.
2002, Chen et al. 2002), and CS musculature may participate also in a macrore-entrat
tachycardia circuit that generates LA flutter (Olgin et al. 1998). Oral and coworkers
(2003) demonstrated bursts of rapid electrical activity to alternate between the LA and CS
during AF - the cycle length being shorter in CS - and that disconnection of the CS from
the LA can prevent AF.
Altered conduction in other interatrial connections may also facilitate re-entry and

maintenance of AF. Animal experiments have demonstrated that the ERP of the BB is
significantly longer than that of the RA and LA (Hayashi et al. 1982, Duytschaever et al.
2002). Consequently, the bundle may become blocked at a pacing rate at which the
adjacent atrial tissue can still be activated. This represents a potential substrate for re-
entry.

2.3.8 Focal AF, Trigger AF, and Substrate AF

The role of triggers in the initiation and maintenance of AF is well appreciated. When this
is assumed to be the main mechanism, and the trigger is an atrial ectopic focus, AF is
called focal AF. Features related to focal AF are excess of PACs, early PACs, appearance
of short atrial tachycardias, and bigeminy. The term “Substrate AF” is applied to AF in
which onset seems to be not PAC-related or other factors seem to be more crucial for
initiation and maintenance of the arrhythmia. Generally accepted definitions for focal AF
or “Trigger AF” and for “substrate AF” or for different substrates, however, are still
lacking.
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The onset scenario of AF may serve to differentiate between mechanisms. The
existence of active triggers and different substrates may be reflected in atrial signal
measures obtained by intracardial and body surface recordings. These approaches are
summarized in the next few sections.

2.3.8.1 Findings in long-term ECG and electrogram recordings

Based on ambulatory ECG recordings and device studies, the most common onset
scenario of AF is premature atrial complexes (PACs), followed by bradycardia, sudden
onset, and in rare cases (< 1%), tachycardia (Hnatkova et al. 1998, Vikman et al. 1999,
Dimmer et al. 2003, Jensen et al. 2003, Vincenti et al. 2006, Hoffmann et al. 2006).
Combinations of different onset scenarios within one patient were frequent, and up to one-
third of the episodes were initiated within 5 minutes of a previous AF (Hoffmann et al.
2006). Examples of two onset scenarios of AF are shown in Figure 4.

PAC-related onset. The AFT trial (multicenter device study Atrial Fibrillation Therapy)
defined onset as PAC-related if there were 2 PACs within the last 20 preceding beats
(short run or isolated), if the onset was PAC-post PAC pause-onset or if the number of
PACs occurring within 5 minutes before AF increased (Hoffmann et al. 2006). Using
these criteria, PAC-related AF comprised about half of the arrhythmia episodes (47%),
and most patients (79%) had at least one PAC-related episode. In one-third of PAC-related
initiations, the number of PACs increased. This increasing number of PACs before
initiation of AF has been reported also by others (Hnatkova et al. 1998, Vikman et al.
1999, Dimmer et al. 2003, Vincenti et al. 2006).

Number of PACs. In lone AF populations in different clinical studies, PAC numbers
range from 800 to 4000 per 24 hours and have been shown to decrease to 100 to 200 per
24 h after successful treatment by ablation (Haissaguerre et al. 1998, Chen et al. 1999,
Jensen et al. 2003). However, in all these studies, the range of PACs is large, from a few
beats to 30 000 PACs per 24 h. The occurrence of PACs in healthy subjects can also be
frequent, but in over 90% of subjects the number is less than 700 per 24 h and in 77 to
95% subjects less than 200 per 24 h (Hiss and Lamb 1962, Bjerregaard 1982, Jensen et al.
2003).
In a study by Hoffmann and coworkers (2006), PAC density count correlated

positively with number of AF episodes per day but not with AF burden. This finding was
confirmed by Yang and coworkers (2006), who concluded that the coincidence of low
PAC activity before AF onset, high AF burden, and extended arrhythmia episode duration
appears to be the consequence of a high atrial substrate factor. In one Holter study, the
number of PACs was inversely related to the number of previous AF episodes (Jensen et
al. 2004). Recently, the presence of PACs or atrial tachycardias was reported to protect
against progression from the paroxysmal to the permanent form of AF in a three-decade
follow-up study of lone AF patients (Jahangir et al. 2007). In the same study, an abnormal
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QRS complex elevated risk for arrhythmias progressing to permanent form, suggesting
occult structural or substrate abnormalities in this sub-cohort.

The coupling interval for AF-triggering PACs has been to be shorter than for non-
triggering PACs or PACs in healthy controls, with mean values of 403 to 468 ms for
triggering PACs, 494 to 584 ms for non-triggering PACs, and 589 ms for controls (Jensen
et al. 2004, Capucci et al. 1992, Vincenti et al. 2006). In all these studies, however, short
coupling intervals have been present also in non-triggering PACs (Capucci et al. 1992,
Jensen et al. 2003, Vincenti et al. 2006), and some studies have shown no difference
(Dimmer et al. 2003).

The conventional heart rate variability (HRV) analyses of 24 hours have failed to show
any significant differences between AF patients and controls or to differentiate between
subclasses within AF patients (Vikman et al. 1999, Dimmer et al. 2003). However, the last
5 to 60 minutes before AF onset commonly showed a shift in autonomic balance. Increase
in sympathetic tone as well as increase of parasympathetic tone has occurred (Vikman et
al. 1999, Fionarelli et al. 1999, Vincenti et al. 2006). The number of preceding PACs has
been larger in those with HR acceleration before AF than in those with HR deceleration or
no change in HR (Dimmer et al. 2003). Preceding bradycardia or sinus pauses, with or
without extrasystole, have occurred in 39 to 48% of onsets (Hoffmann et al. 2006,
Vincenti et al. 2006). The bradycardia-related arrhythmia onset is common in patients with
sick sinus syndrome but also in other AF patients (Hoffmann et al. 2006). In one pacing
study, 42% of patients showed no AF after enrollment, suggesting that bradycardia may
have been the main cause for arrhythmia in these patients; thus, pacing alone may
eliminate AF (Sulke et al. 2007).

Hoffmann and coworkers (2006) reported sudden onset of AF in 28% of episodes
(according to the definition a single PAC was allowed). In other studies, the initiation of
AF without an ectopic beat has occurred in 0 to 13% of AF episodes, and in up to half the
initiating PAC has been single (Hnatkova et al. 1998). In one device-registry study, in
42% of patients most episodes were preceded by fewer than two PACs and were
considered “Substrate AF,” while those 58% having more PACs were classified as
“Trigger AF” (Lewalter et al. 2006). In this patient cohort with a conventional indication
for pacemaker therapy and AF, patients in the Trigger group demonstrated a 28%
reduction in AF burden with preventive pacing. The Substrate group, for whom the Pace
Conditioning algorithm was activated, showed no improvement in AF burden.
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Figure 4. Examples of two onset scenarios of AF. Pacemaker-stored rate-profile diagrams of the
last seconds before AF. Multiple preceding PACs (upper) and sudden onset (lower). indicates
atrial sensed beat; Reprinted from
(Hoffmann et al. 2006) with the permission of Wolters Kluwer Health.

2.3.8.2 Markers of substrate(s) in electrogram and atrial mapping

Complex fractionated electrograms (CFEs). Early animal and human experiments
revealed that atrial regions exhibiting very rapid activation may represent critical rotors
responsible for maintaining AF (Morillo et al. 1995). Furthermore, regions demonstrating
fragmented potentials to the point of almost continuous baseline activity may represent
pivot points or regions of very slow conduction responsible for continued fibrillatory
conduction (Konings et al. 1994). Nademanee and coworkers (2004) first described
targeting this type of electrogram (EGM) exclusively to ablate AF. He defined so-called
“complex fractionated atrial electrograms” (CFE), which typically have very low voltages
of 0.06 to 0.25 mV. A ablating these targets gave a success rate of 76% (91% after two
treatments). With ablation of CFE and PVAI (pulmonary vein antrum isolation), the off-
drug success rate has been even better and also better than with PVAI alone (Verma et al.
2008). Recently, an automated CFE algorithm has come into clinical use.
Examining Fourier transforms (FFT) of sinus EGMs, Pachon and coworkers (2004)

demonstrated what they called compact and fibrillar types of atrial myocardium. The FFT
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of these tissue potentials was one high-power fundamental frequency and fast uniformly
decreasing harmonics in compact areas, and a low-power fragmented and heterogeneous
profile with a great number of irregular harmonics of high amplitude and wide distribution
in fibrillar areas (called AF nests). In study of 34 AF and 6 control patients, AF nests
appeared in all AF patients but in only one control. A large number of AF nests appeared
in the roof of the LA in all patients. Other common locations were the interatrial septum,
the atrial wall near the PV insertions, and also inside veins. The refractory period of the
AF nest was shorter than that of the compact myocardium. During AF, the nests presented
the highest activation rates. Of patients treated by ablation targeted to nests, 94% became
free of AF. Similarities in findings with all fragmented signal analyses suggest the same
abnormal myocardium, which seems to be an important substrate for AF, but the origin of
which is unknown and may vary.

Dominant frequency (DF). Fibrillatory rate of AF may vary between distinct sites of the
atria (Sahadevan et al. 2004). The dominant rate(s) can be determined by frequency
domain analyses (Skanes et al. 1998). In some cases, stabile high-frequency DF areas may
be identified and located. Ablation over these sites has terminated AF or has prolonged AF
cycle length, supporting the hypothesis that these regions drive AF (Sahadevan et al. 2004,
Sanders et al. 2005). The distribution of DFs has differed between paroxysmal and
permanent AF, with DFs less likely to be associated with the PVs in non-paroxysmal AF
(Sanders et al. 2005).

Autonomic ganglionated plexi (GP). Autonomic inputs from GP surrounding the heart
may contribute to both the initiation and maintenance of AF (Patterson et al. 2005).The
location of GP has been correlated with the presence and location of CFE (Scherlag et al.
2005), and with the LA sites where endocardial high-frequency stimulation, or ablation,
evokes vagal responses such as transient atrioventricular block or a pause of several seconds
(Scanavacca et al. 2006). Ablation of GPs during PV isolation may improve long-term
success (Scherlag et al. 2005), but whether targeting plexi alone will ultimately prove
effective remains unclear.

Electrically silent area, scar. A study by Verma and coworkers (2005) performed
extensive voltage mapping of the LA to assess the impact of left atrial scarring (LAS) on
the outcome of patients undergoing PV isolation for AF. Of 700 patients, 42 had LAS,
which represented 21 ± 11% of the LA surface area. Patients with LAS had a significantly
higher AF recurrence (57%) than did non-LAS patients (19%). Moreover, LAS was
associated with significantly larger LA size, lower ejection fraction, and higher C-reactive
protein levels. LA scarring was the only independent predictor of procedural failure. In
another study, those with persistent AF had a lower atrial voltage, higher coefficient of
variance for the LA voltage, longer LA activation time, and a more extensive scar than did
those with paroxysmal AF (Chang et al. 2007).
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2.4 Lone AF

2.4.1 Definition

Lone AF was initially defined to identify a cohort of young patients with AF who had no
clinical evidence of cardiovascular disease and were at low risk for thromboembolism
(Evans and Swann 1954, Lamb et al. 1964, Peter et al. 1968). The 2006 ACC/AHA/ESC
guidelines applied the term to patients under age 60 without clinical or echocardiographic
evidence of heart disease including hypertension (Fuster et al. 2006, Kopecky et al. 1987).
Yet, several studies have included patients up to age 65 or even older in the lone AF
category, especially if the onset of AF has been at early age. Another unresolved issue is
the presence of mild echocardiographic abnormalities (e.g., mild mitral regurgitation, LA
enlargement, or increased left ventricular mass). The changes in cardiac structure and
function that accompany aging, such as increased myocardial stiffness, may be associated
with AF, and with advancing age, the risk for thromboembolisms (and bleeding) in AF
rises also in those without any demonstrable cardiovascular disease (Rienstra et al. 2004,
Brand et al. 1985). Increased risk for thromboembolisms in lone AF has been
demonstrated in the permanent form of the arrhythmia and with enlargement of the LA
(Scardi et al. 1999, Osranek et al. 2005). Further, the slight enlargement of the LA and
markers of increased left ventricular (LV) filling pressure have been related to lone AF
(Jaïs et al. 2000, Sitges et al. 2007). Some lone AF, especially familial arrhythmia, is
related to cardiomyopathy, but this or some other causal underlying disease may appear
later (Brugada et al. 1997, Katritsis et al. 2004). Overall, it seems that lone AF is not so
“lone,” and for some of the subcohorts included in lone AF, the prognosis is not favorable
(Scardi et al. 1999, Darbar et al. 2003, Osranek et al. 2005, Patton et al. 2005).

2.4.2 Pathogenesis and associated conditions

Compared to AF in various heart diseases, lone AF is more often paroxysmal
(Goudevenous et al. 1999) and progresses less often to permanent AF (Lévy et al. 1999,
Scardi et al. 1999, Osranek et al. 2005, Jahangir et al. 2007). In lone AF, the male
dominance is pronounced, and AF is more frequently classified as vagally-induced or
familial than is non-lone AF (Nemirovsky et al. 2008, Arnar et al. 2006, Marcus et al.
2008). The lone paroxysmal AF may be a primary electric disorder related to focal triggers
like atrial tachycardias or to a shift in autonomic balance (Jahangir et al. 2007). Yet both
increased fibrosis and deposits of inflammatory cells have been found in histologic studies
of macroscopically normal atrium from AF patients (Boldt et al. 2004, Frustaci et al.
1997). Atrial refractoriness and conductivity may be altered by ion channel abnormalities
or changes in proteins mediating atrial conduction through electrical coupling between
cells (Nattel et al. 2005, Gollob et al. 2006). A specific gene mutation is described on rare
occasions (Chen et al. 2003, Yang et al. 2004, Ellinor et al. 2008). AF is also associated
with the presence of local conduction defects located in the vicinity of interatrial
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conduction routes (Platonov et al. 2007). Whether interatrial connections are important in
the initiation or maintenance of the arrhythmia or in both in lone AF is as yet unknown.
Several so-called “new risk factors” have been associated with lone AF. These include
obesity, sleep apnea, alcohol abuse and other intoxications, latent hypertension, excessive
sports practice, genetic factors, and inflammation (Schoonderwoerd et al. 2008). The role
of these components in the patients with lone AF is, however, unclear.

2.4.3 Clinical manifestation

The first clinical study to explore the differing manifestations of the arrhythmia
specifically within lone AF was published in 2005. Patton and coworkers evaluated 180
serial patients who presented with lone AF (mean age 54 years, 82% males). The mean
age at time of AF diagnosis was 45 years (15–67). The majority of patients originally
presented with paroxysmal fibrillation (94%), and 8% had progressed to permanent AF
within a mean of 6 ± 7 years from diagnosis. Reported triggers for AF included sleeping
(44%), exercise (36%), alcohol use (36%), and eating (34%). Women with lone AF had
distinct symptoms and triggers for episodic AF, and over one-fourth had an underlying
rheumatologic condition. Several subsets of AF identified include familial AF (39%),
exercise-induced AF (32%), and conduction system disease requiring pacemaker
implantation (7%). (Patton et al. 2005).
In the same study, the exercise-triggered AF was more common in patients

participating in strenuous exercise. Lone AF has been related to vigorous exercise also
prior to 2005 (Karjalainen et al 1998, Mont et al. 2002). In a recent work by Mont and
coworkers (2008), 107 patients younger than 65 (mean age 48 years, 69% males), were
seen in the emergency room for an episode of lone AF. AF was paroxysmal in 57% and
persistent in the remaining 43%. Compared to controls, patients with AF performed more
hours of both moderate and heavy-intensity physical activity. They also were taller, and
had larger LA. The association between lone AF and LA size also emerged in other
studies (Jaïs et al. 2000, Sitges et al. 2007). Mont and coworkers (2002) showed no
difference in type of AF between sportsmen and non-sportsmen, but the proportion of
vagal AF was larger (57% vs. 18%) among the latter.
Autonomic influences play a role in the initiation and maintenance of AF. It appears

that the balance (and shifts in it) between sympathetic and vagal influences rather than the
absolute level of sympathetic or parasympathetic tone is important as an AF predictor.
(Fioranelli et al. 1999, Herweg et al. 1998) Certain patients can be characterized in terms
of a vagal or an adrenergic form of AF (Coumel 1992). In general, vagally mediated AF
occurs at night or after meals, while adrenergically induced AF typically occurs during the
daytime (Maisel et al. 2003). Importantly, these types are reflected in success of
treatment. In patients with vagally mediated AF, adrenergic blocking drugs or digitalis
sometimes worsen symptoms. For AF of the adrenergic type, beta blockers are the initial
treatment of choice. In a study by Oral and coworkers (2004), 16% of the patients
undergoing catheter ablation treatment were classified as having adrenergic AF, and the
outcome of treatment in these patients was better than in patients classified with vagal AF.
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2.4.4 Familial AF

The likelihood of developing AF is increased among the offspring if parents have AF (Fox
et al. 2004). In lone AF, this connection is even more pronounced. In a large (5 269
patients) investigation of heritability of AF in Icelanders, the first-degree relatives of
patients <60 years of age were more than four-fold more likely to have AF at age <60 than
was the general population (Arnar et al. 2006). In various lone AF cohorts, 15 to 41% of
the patients have reported a positive family history of the same arrhythmia (Darbar et al.
2003, Patton et al. 2005). In a cohort of non-lone AF patients, the figure was 14% and in
controls 5% (Marcus et al. 2008).
In some families lone AF has been described with autosomal-dominant inheritance

(Brugada et al. 1997, Chen et al. 2003, Olson et al. 2006, Darbar et al. 2003, 2008, Ellinor
et al. 2008). Familial lone AF related to gain-of-function mutations in genes regulating
cardiac potassium channels as well as to mutation in the SCN5A gene have been identified
(Xia et al. 2005, Ellinor et al. 2008). A mutation in the gene encoding atrial natriuretic
peptide (ANP) has been described with a phenotype of shortened atrial AP and abnormal
ANP (Hodgson-Zingman et al. 2008). In one family with AF the marked prolongation of
the P wave seemed to be a marker of genomic abnormality (Darbar et al. 2008). Darbar
and co-workers (2003) had reported on four families, in three of which the AF presented
as symptomatic paroxysmal AF with rapid ventricular response. Interestingly, in these
families, several strokes occurred at relatively young ages. In the fourth family, the AF
was mostly asymptomatic and associated with a slow ventricular response. One large
family had a high prevalence of lone AF and saddleback-type ST-segment elevation in
leads V1–3 (Junttila et al. 2007). A common polymorphism in the SCN5A gene has been
associated with lone AF (Chen et al. 2007). Variants on chromosome 4q25 have been
linked to increased risk for AF (Gudbjartsson et al. 2007). The locus is adjacent to a gene
with a critical function in left-right asymmetry of the heart. Mutations in the connexin 40
gene have also been related to AF (Gollob et al. 2006).
Despite the large number of lone AF patients showing a positive family history of AF,

the underlying genetic factors remain still mostly unknown.

2.4.5 Left atrial size and early stage of heart disease

Slight enlargement and especially prolongation of the LA have been related to lone AF
(Jaïs et al. 2000, Sitges et al. 2007). In a study by Stiges and coworkers (2007), although
within normal limits, LA dimensions were larger than in healthy controls. There was no
difference between the LA of patients with only one episode of AF (53%) and those with
recurrent paroxysmal episodes. In a supporting study, LA dimensions were similar in
patients with recurrent and non-recurrent AF, and in both groups, LA size remained
constant during the mean follow-up of 30 months (Rostagno et al. 1996). In another study,
an average of 5.6 mm (15%) increase in LA diameter was observed during 6 years follow-
up, and the increase was more obvious in those with persistent AF (Suarez et al. 1991).
Jaïs and coworkers (2000) reported a significantly higher inferosuperior LA dimension in
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lone AF patients than in WPW patients. A higher LV filling pressure was also reported in
patients with lone AF. In a three-decade follow-up study of 46 lone AF patients, the
indexed LA volume (LAV) at the initial echocardiographic examination was enlarged in
some of the patients (Osranek et al. 2005). In half the patients, the LAV index remained
normal throughout follow-up, indicating that the longstanding paroxysmal or persistent
AF by itself does not necessarily cause an increase in LA volume. Importantly, 50% of the
patients had an adverse cardiovascular event during follow-up, and 87% of these and all
strokes appeared in the group with increased LAV.
Katritsis and coworkers (2005) reported, in a cohort of 32 patients diagnosed as having

lone AF, a high prevalence of new-onset hypertension, 44% in 1- to 3-year follow-up. In
another study, the appearance of new arterial hypertension was much less: 8% of the
subjects developed hypertension 15 ± 13 years after diagnosis of lone AF (Patton et al.
2005).
An overall suggestion is that in some cases lone AF may be an early stage of arterial

hypertension, and some LA enlargement may be related to remodeling caused by the
arrhythmia. More likely, a primary anatomical or a functional substrate, or both, exist for
the development of idiopathic AF.

2.4.6 Inflammation and fibrosis

In a study by Frustaci and coworkers (1997), all atrial biopsies of patients with lone AF
were abnormal, whereas all biopsies of WPW patients were normal. In 66% of AF
patients the finding was myocarditis (25% active), in 17% it was non-inflammatory
cardiomyopathy, and in 17%, patchy fibrosis. The patients with findings of active
myocarditis were treated with steroids, and AF no longer recurred. Inflammatory cells
infiltrating the LA endocardium have been visible also in specimens from patients with
thromboembolism and non-valvular AF (Nakamura et al. 2003) and in animal models of
AF (Kamiyama 1998, Verheule et al. 2003). Dernellis and Panaretou (2004) reported that
metylprednisolon reduced recurrent AF in patients with new AF. An increase in the level
of hs-CRP, IL-6 and TNF-alfa has also been related to AF (Aviles et al. 2003, Sata et al.
2004). Inflammation has been suggested to be a causative agent in paroxysmal AF in some
(Gedikli et al. 2007), but not in all studies (Ellinor et al. 2006, Kallegris et al. 2008).
Whichever is true, one important observation is the link between markers of inflammation
and increased risk for thromboembolism in AF (Conway et al. 2004, Thambidoral et al.
2004). Boldt and coworkers (2004) showed increased, but somewhat differing, fibrosis
both in patients with lone AF and with AF related to mitral valve disease. Independent of
etiology, any histological changes in the atria are a potent source of conduction
disturbance and, thus, of vulnerbility to AF.
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2.4.7 Gender

The evident 60 to 80% male dominance in lone AF is well recognized (Goudevenous et al.
1999), but its reasons are unclear. In a study by Patton and coworkers (2005), women with
lone AF had distinct symptoms and distinct triggers for episodic AF and were more likely
to have a rheumatologic condition. Women with AF have been reported to be more
symptomatic than men (Humphries et al. 2001, Rienstra et al. 2005). In general, in AF the
outcome of the arrhythmia in women has been worse (Benjamin et al. 1998, Stewart et al.
2002).
Studies of non-AF patients have revealed some gender-related differences in the atria.

Liu and coworkers (2004) investigated, in patients without structural heart disease, the age
and gender dependence of the LA dimension, ERP, and atrial conduction. A significant
positive correlation appeared between age and LA dimension in women not taking
hormone replacement therapy. Men had significantly greater average LA dimensions than
did women. Neither ERP nor atrial conduction demonstrated any significant correlation
with either age or gender. They concluded that LA size is greater in the elderly and in
men, which may increase both these groups’ risk for AF.
In another study, right atrial ERP was measured during SR and during atrial and AV

pacing (Tse et al. 2001). During SR, mean atrial ERP in premenopausal women was
shorter than in postmenopausal women or in age-matched men. In all patients, ERPs
shortened significantly during pacing, but significantly less in premenopausal than in
postmenopausal women or in age-matched men, suggesting that the gender differences
may be mediated by the effects of estrogen on atrial electrophysiology.

2.5 Atrial conduction in patients with AF

Alterations in atrial conduction and refractory properties are related to both the genesis
and maintenance of AF. Slow conduction in the atria can be diffuse because of fibrosis or
inflammatory changes related to aging and to coexisting conditions such as heart failure or
hypertension (Becker 2004, Nattel et al. 2005). The conduction defect may also be local
and located in one of the interatrial pathways. Prolongation of the P wave is the most
common signal abnormality related to AF. This has been atributed mainly to impaired or
blocked conduction in the BB (Ariyarajah et al. 2005a). LA pacing studies have
demonstrated increased and more heterogeneous refractoriness and more pronounced
lengthening of conduction times in the BB, CS, and LA in patients with AF than in
controls and in patients with persistent AF than in patients with paroxysmal AF
(O’Donnell et al. 2002). Measurements with high-density electroanatomical mapping in
the proximal CS during SR have revealed a lower conduction velocity in AF patients than
in patients without a history of AF (Xia et al. 2004). Fibro-fatty degeneration of the BB
has appeared more commonly in patients with a history of AF (Becker 2004). Diffuse or
patchy inflammation, cardiomyopathy, and fibrosis have been shown also in
macroscopically normal atria in lone paroxysmal AF (Frustaci et al. 1997).
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It has been reported that the CS area can be a substrate for atypical flutter circulation
(Olgin et al. 1998), which in turn can lead to the genesis of AF. Catheter ablation of the
RA septal region (Gaita et al. 1998), ablation of CS connections (Haissaguerre et al.
2007), or transsection of the anterior LA (Sanders et al. 2004) have been effective in the
treatment of AF in some patients. Ablation of the CS and FO areas has altered inducibility
to AF in an animal model (Ott et al. 2007). Thus, all three interatrial conduction pathways
seem to have relevance to AF generation.
In patients with AF, the signal propagation from right to left atria varies. Experimental

evidence supported by human studies shows that the altered conduction in pathway(s) may
promote AF. Results of treatments targeting such connection(s) have been promising. The
position of interatrial conduction in genesis of AF still remains, however, to be verified.

2.6 Non-invasive assessment of atrial signal in general and in patients
with AF

2.6.1 Electrical forces in the atria, generation of atrial signal

The AP is regulated by the expression and activity of several ion channels, by
physiological atmosphere at cell level, and by cell activity. This process is controlled by
the autonomic nervous system. The macroscopic arrangement of pacing cells, highly
conductive specialized cells, and muscle cells, as well as non-cellular structures forming
the right and left atrium and connections between them, all direct the spread of activation
to facilitate synchronous contraction of the atria.
The cellular AP can be measured by an implement technique with microelectrodes

(IT). The AP in its whole extension: depolarization and repolarization can be evaluated
also by monophasic AP (MAP) techniques, which provide a graphic recording that is a
mean of the APs of many cells. A single tracking covers a region approximately 5 mm in
diameter centered on the electrode (Franz et al. 1986). The current flow across myocardial
cell membranes is accompanied by the development and spread of ionic currents through
the body, resulting in the establishment of electrical potentials on the atrial endo- and
epicardium as well as on the body surface. This flow of currents creates voltages between
sites where electrodes are placed. These voltages are called electrograms (EG, EGM)
when measured on the heart surface and electrocardiograms (ECG) when measured on the
body surface. (Barr 1989) The body surface ECG in all its variations, as well as
intracavitary electrographic recordings, provides a distance view of the cardiac electric
phenomena, because they represent the summation of all the cellular electric activity.
What is obtained is a picture of APs distorted by their algebraic sum, dispersed in time and
space, and modified by the capacitances and resistances found in their path. (Scher and
Spach 1979) The electro(cardio)grams hide cellular electrical phenomena during a great
part of the cardiac cycle, when the absence of electrical gradients in the organ creates a
real “electric silence” from a distance (Figure 5, Leirner and Cestari 1999).
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Figure 5. Sketch of the temporal relation between the electrocardiogram (ECG), the electrogram
(EG), and the atrial and ventricular monophasic action potential (MAP). Adapted from (Leirner
and Cestari 1999).

The duration of atrial AP, or its MAP, varies from around 200 to 320 ms
(Courtemanche et al. 1998, Li et al. 2001, Christ et al. 2004). Atrial AP morphology varies
frequently, and differences exist also between different cells in the same tissue. The three
main types are a rectangular AP with a positive plateau, a spike and dome AP with a
plateau at 0 mV, and a triangular AP with a short plateau (Courtemanche et al. 1998). It
follows that the atrial depolarization signal detected from a distance may be contaminated
with some repolarization signal. However, the main part of atrial repolarization takes place
after both the atria have already depolarized.
The first deflection of the cardiac cycle reflecting the atrial electrical activity had

already been identified by electrometer 17 years before the galvanometer was discovered;
it was designated the P wave (Einthoven 1895). The first part of the P wave is generated
by activation in the RA and the later part mainly by activation in the LA, both atria
activating simultaneously 40 to 70% of the whole atrial activation time, as illustrated in
Figure 6.

2.6.2 Electrocardiography (ECG)

In bipolar leads, both electrodes face sites with similar potential variations, whereas in
unipolar leads, the potential variation in one electrode is negligible in comparison with
that of the other. In the standard 12-lead ECG used in clinical practice, leads I, II, and III
are bipolar; leads aVR, aVL, and aVF, and leads from V1 to V6 are unipolar (Surawicz
1995). If any two of the six limb leads are recorded simultaneously, the other four can be
mathematically derived from them (Macfarlane 1989).
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Figure 6. Schematic representation of the main components of the P wave. Adapted from (Heikkilä
1991).

An orthogonal 3-lead system allows interpretation of electrical conduction in the heart
in three dimensions. Such a lead system, called vectorcardiography (VCG), is based on the
simple dipole model, represented by a vector, using a system of three orthogonal axes, x,
y, and z, that define three mutually perpendicular planes. The projection of the trajectory
of this vector is drawn in relation to these axes, forming a loop display on an oscilloscope
representing a cardiac cycle (Frank 1956). In ECG the important information is time and
amplitude; in VCG it is magnitude and direction of propagation of the electromotive
forces of the heart.

2.6.2.1 P wave duration and morphology

According to the International Society and Federation of Cardiology Task Force, normal P
wave duration is less than or equal to 110 ms (Willems et al. 1985). Other authorities in
the field argue that 120 ms may be a more appropriate cut-off value (Ariyarajah et al.
2006). Erlich and coworkers (2001) examined 123 volunteers without cardiovascular
disease aged from 20 to 79. Their P wave duration was automatically determined by a
filtering technique and computer algorithm. In the whole population, the P wave duration
was 114 on average. In men, the duration was significantly longer than in women, 118 vs.
111 ms, with a slight, but significant, correlation between P wave duration and age. In
another study, the 2078 healthy Chinese subjects were aged between 1 and 87 (Wang et al.
2002). The maximum P wave duration in the standard non-filtered 12-lead ECG was 110
ms on average. Similar to findings in an earlier report, a slight correlation appeared
between P wave duration and age. Based on this population, the normal P wave duration
was 96 to 120 ms.
If the LA is enlarged, the P wave is prolonged, but the P wave can be prolonged also in

normal size atria (Goyal et al. 2001). The age- and gender-related differences have been
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atributed to LA dimensions, but findings are conflicting (Liu et al. 2004, Kistler et al.
2004).
The P wave duration 110 ms (or 120 ms) in standard 12-lead ECG with notched P

wave morphology in some of the leads has been defined as partial intra-atrial block (IAB),
and P wave duration 120 ms with biphasic P waves in inferior leads is the criteria for
advanced IAB (Bayes de Luna et al. 1985). Because discrete lesions produced
experimentally in the BB cause delayed activation of the LA resulting in the typical P
waves of IAB (Waldo et al. 1971), the main mechanism of IAB is thought to lie in BB
abnormality. In human studies using ECG, vectorcardiography, and esophageal
recordings, advanced IAB has been related to retrograde ascending activation of the LA
(Castillo and Vernant 1973, Bayes de Luna et al. 1988). The prevalence of advanced IAB
is relatively low, but the partial IAB is much more common and documented in 30 to 50%
of hospitalized patients and documented even more often with advanced age (Frisella et al.
2005).
Prolonged P wave and especially the advanced IAB are associated with a history of or

a high risk for atrial tachyarrhythmias (Bayes de Luna et al. 1999). Platonov and
coworkers (2000) showed that a history of lone AF was associated with a particular P
wave morphology, primarily the presence of the biphasic P waves in the orthogonal Z-
lead. Recently, a study referenced by electroanatomic mapping (EAM) demonstrated that
this type of ECG was related to conduction via the BB with or without simultaneous
conduction via the CS (Holmqvist et al. 2008). If the Y wave were also biphasic, the
conduction would occur totally via the CS connection.

2.6.2.2 P wave dispersion

The interlead variation in P wave duration, the so-called P wave dispersion, is a well-
recognized phenomenon. However, whether the P wave dispersion can be attributed to an
underlying heterogeneity of atrial conduction (a local effect), or to a variable projection of
a single depolarization vector onto different ECG leads (a projection phenomenon), or to
imprecision of measurement when the P wave amplitude is low and the P wave onset and
offset are difficult to define, is not yet clear (Ndrepepa et al. 2000).
Buxton and Josephson (1981) introduced the isoelectric interval, derived by

subtracting the longest P wave duration in the standard limb lead from the total P wave
duration. This interval was higher in patients with an AF history than in controls. Later
studies, generally used a standard 12-lead ECG (Dilaveris et al. 1998). A study by
Dilaveris and coworkers (1998) found P wave dispersion to be higher in patients with
paroxysmal lone AF than in controls. Increased P wave dispersion has predicted frequent
symptomatic AF paroxysms (Aytemir et al. 2000, Dilaveris et al. 2000) and AF recurrence
after cardioversion (Dogan et al. 2004, Perzanowski et al. 2005). Two studies have
demonstrated increased dispersion of the filtered P wave duration in patients with
paroxysmal AF (Kubara et al. 1999, Yamada et al. 1999). In these same studies, the
dispersion served to assess the efficacy of the antiarrhythmic drugs, showing that
dispersion of the P wave decreased after administration of a single dose of the
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antiarrhythmic drug in those patients in whom the drug was going to be effective, but it
increased in patients showing AF recurrences.

2.6.2.3 Signal-average ECG (SAECG, P SAECG, P-SAE)

The advantage of the SAECG over the standard ECG is its ability to record low-level
electrical signals through the use of special acquisition, amplification, and signal-
processing devices. The delayed potentials related to the re-entrant substrate in patients
prone to ventricular tachycardia were for the first time detected from the body surface with
SAECG (Berbari et al. 1978). Re-entrant substrates may be involved also in the genesis of
AF. This and the possibility of a more precise measurement of P wave duration have been
a impetus to apply SAECG to atrial studies.
The study by Yamada and coworkers (1989) demonstrated between AF patients and

controls a significant difference in filtered P wave duration (FDP) and in root mean square
voltage of the last 20 ms of the P wave (LP20 or RMS20). FDP was significantly longer
and LP20 significantly lower in AF patients. The combination of these parameters could
be useful to identify AF patients (Fukunami et al. 1991). In a subsequent study by the
same group the terminal portion of the P wave contained more components in the 20 to 50
Hz range in patients with than without AF (Yamada et al. 1992). Fragmented electrical
activity (FEA) after successful cardioversion has been significantly more frequent in those
AF patients who had a reccurence during follow-up than in those remaining in SR
(Benchimol Barbosa et al. 2006). Abe and coworkers (1997) used duration and RMS
voltage of the last 30 ms (LP30) of the SAECG P wave to predict the transition of
paroxysmal AF to permanent AF. The longer duration of the low-voltage area (amplitude
below 2-3 μV) in the end of the filtered P wave has also been related to AF (Gondo et al.
1995, Moreira et al. 2006). Cut-off values of 10 and 15 ms have been suggested as
predictive for AF. The low amplitudes for the initial portion of the P SAECG signal have
been related to sinus node dysfunction (Takase et al. 2006). In one electrophysiolocical
study, the reduction in P wave energies was related to slowing of conduction velocity and
longer LA ERP (Redfearn et al. 2006).
During recent years, several applications of P SAECG in various clinical conditions

and with different AF populations have been performed. The main findings related to a
propensity to AF have been the prolongation of a filtered P wave, lower late RMS values,
and a longer low voltage interval in the terminal part of the atrial complex (Klein et al.
1995, Dhala et al. 2002, Darbar et al. 2002, Budeus et al. 2005, Moreira et al. 2006). One
interesting setting is alcohol-induced paroxysmal AF. In a study by Steinbigler and
coworkers (2003), patients with their first episode of AF initiated immediately after
consumption of alcohol were investigated, along with controls. The FPD was significantly
longer in patients than in controls both at baseline and after intake of alcohol. Duration of
non-filtered P wave showed no difference.



41

2.6.3 Magnetocardiography (MCG)

MCG is a technique to register the extracorporeal magnetic field generated by the same
bioelectric activity that generates electric potentials (Nenonen 2002, Tavarozzi et al.
2002). First detected in the early 1960s, the cardiac magnetic field has a peak amplitude
of about 50 pT, which is one millionth of the earth’s magnetic field (Baule and McFee
1963). Cohen (1967) was the first to use a shielded measuring chamber. However, it was
only after the invention and implementation of the SQUID (Superconducting Quantum
Interference Device) sensors in liquid helium at 4.2 K (-269 C) in the beginning of the
1970s that accurate detection of MCG signals became possible (Cohen et al. 1970). Today,
MCG recording is carried out with multichannel systems acquiring the signals
simultaneously over the whole chest. By use of magnetically shielded rooms and
gradiometer coils, the environmental interference can be suppressed so that recordings can
now be done also in a hospital environment (Figure 7). With these techniques typical noise
levels for magnetometers or axial gradiometers range between 5 and 10 fT/ Hz at low
frequencies, and a sensitivity as high as 2fT/ Hz has been reported. Alternatively, if no
magnetic shielding is employed, high-order gradiometers can be utilized (Nenonen et al.
2002).

Figure 7. Shielding room (left) and modern multichannel MCG system today (right). BioMag
Laboratory HUSLAB, Helsinki.

MCG has morphological features similar to those of the P wave, QRS complex, and T-
and U-waves of the ECG, and although the temporal relations between them are generally
the same, their spatial orientation differs (Saarinen et al. 1978). The essential difference
between electrical and magnetic fields is the spatial angle of 90° between them (Siltanen
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1989), which means that the positive and negative extremes of MCG and ECG are not in
the same area (Figure 8).

Figure 8. Isocontours of the magnetic field component Bz and of the potential on the anterior
thorax surface, generated by a tangential current dipole ( arrow) in a homogenous thorax model.

Usually an MCG system measures the magnetic field Bz component, i.e., field density
perpendicular to the surface of sensor play, and the spatial change in this component, the
planar gradients d(Bz)/dx and d(Bz)/dy. When recording is performed over the anterior
chest, as it usually is, the Bz component is at right angles to the anterior chest. In MCG,
the currents tangential to the Bz component give the strongest signal, whereas ECG,
especially chest leads, is most sensitive to radial currents. MCG can therefore show
pathological deviation from the normal direction of depolarization or repolarization in a
different manner than ECG can (Siltanen 1989). It follows also that currents tangential to
the chest are better detectable by MCG than by ECG on the body surface. Another
difference is that MCG is sensitive to curl currents and can measure a close-looped current
on the myocardium, whereas the ECG records it as a zero-potential. MCG is also less
affected than is ECG by conductivity variations caused by the lungs, pericardial effusions,
muscles, and skin (Plonsey 1972, Siltanen 1989).

2.6.3.1 Perspectives on MCG analysis methods in atrial studies

The weak electrical currents of the atria propagating mostly tangential to the chest
generate clear deflections to the MCG Bz component recorded over the anterior chest.
When the distance between sensor and electrical force increases, the field density
(amplitude) attenuates in the proportion of 1/r2. (Saarinen et al 1974, Siltanen 1989) In
atrial measurements this means that the density of the signal from the posterior wall of the
LA is about one-third that of the anterior wall, and the signal from the LA anterior wall is
about three-fourths that of the RA anterior wall. Within 1 cm of anteroposterior variance,
these proportions are relatively constant. Variance in torso shape between subjects may
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diminish maximal field densities by up to half or one-third, but the influence of the
proportion of different components is less pronounced. It follows that amplitude variables
may need assessement in relation to other atrial amplitudes, but otherwise the signal
content, MCG atrial wave morphology - or field orientation - are stable. This facilitates
detailed time domain analysis of the atrial signal as well as performance of these variables
with good reproducibility.
As a conventional time-domain presentation, the MCG data can be analyzed similar to

ECG data. Magnetic late fields determined parallel to SAECG late potentials, as well as
MCG intra-QRS fragmentation, have been shown to indicate a propensity toward life-
threatening arrhythmias in post-myocardial infarction patients (Mäkijärvi et al. 1993a,
Korhonen et al. 2000, 2001). QRS subtraction techniques and time frequency analyses
have also been adapted to MCG data (Yamada et al. 2002, Kandori et al. 2002).
Multichannel MCG offers possibilities to study cardiac activation sequences non-

invasively. A pseudo-current pattern reflecting the bioelectric currents in the heart can be
obtained from multichannel MCG data without the need to apply specific source and
volume-conductor models. The method is based on estimating the gradients along the
sensor-array surface from the magnetic-field component perpendicular to the chest (Bz)
(Cohen and Hosaka 1976, Koch and Haberkorn 2001, Nenonen et al. 2003). The largest
surface gradient in the sensor array reveals the site of the active region, whereas the
direction of the gradient provides a useful tool for analyzing signal propagation. This
method has been successfully applied to detect and localize ischemia (Van Leeuwen et
al.1999, Hänninen et al. 2000), to localize the source of paroxysmal atrial tachycardia and
accessory pathways in WPW syndrome (Pesola et al. 1999, Fenici et al. 1999), and to
animate the sequence in which a premature complex transforms SR to AFL via AF
(Yamada et al. 2003). In recent research, 3D modeling has also been used (Nakai et al.
2005, Kim et al. 2007).

2.6.3.2 MCG atrial wave

On the lower right chest, the atrial magnetic field Bz component is mostly positive, i.e.,
magnetic field flux is toward the chest, and on the other parts of the anterior chest the field
is mainly negative, i.e., flux is out of the chest. In the conventional time-domain
presentation, MCG P waves are mainly positive over the right lower chest and mainly
negative in the other areas and, if displayed as an isofield map over the whole atrial
complex, the negative extreme is located on the upper left chest, the positive extreme on
the lower right chest, with the zero line running from the subject’s right shoulder leftward
down as illustrated in Figure 9.
The RA overloading raises atrial wave amplitudes without any influence on field

orientation (Takeuchi et al. 1988). In LA overloading, the main finding was the increased
occurrence of biphasic atrial waves at left parasternal sites and extra dipoles on field
density maps in the late phase of atrial activation (Sumi et al. 1986, Takeuchi et al. 1988).
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Figure 9. Schematic illustration of channel positions in the cardiomagnetometer. The cardiac
signal of a patient on a 33-location array, at one central channel, and a magnetic field integral
map over the atrial wave. Solid line indicates flux towards and dashed line outwards from chest.

2.6.3.3 Time-domain analyses of the MCG atrial wave

Winklmaier and coworkers (1998) investigated a group of 15 AF patients with persistent
AF converted to SR and 20 healthy young men. The multichannel MCG over the anterior
and posterior chest and a 12-lead ECG were recorded simultaneously. Sum channels were
generated from all MCG channels and separately from anterior and posterior channels and
ECG channels. The P wave duration was manually measured in each sum channel. The
homogeneity and fragmentation of MCG maps were evaluated. The P wave was divided
into four segments, and correlation was calculated between maps. All segments were
compared with the first segment, and the average of these three correlations, the p-score,
served as the homogeneity factor. The fragmentation index of the P wave was calculated
as the sum of amplitude differences between two amplitude peaks multiplied by the total
number of amplitude peaks in each sum channel. By MCG, the P wave duration was
longer, the correlation factor lower, and fragmentation index higher in patients than in
controls. No such differences were evident in ECG.
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2.6.3.4 Spatial MCG maps, field polarity, and orientation during atrial
activation

Mäkijärvi and coworkers (1993b), investigating spatial MCG maps in WPW patients,
found that patients with AF attacks had more dispersed atrial depolarization distributions
than did patients without AF. Of patients with AF, 55% had more than two extremes on
their atrial depolarization maps. On the other hand, 67% of patients without AF had
bipolar MCG maps, as well. In an earlier study, multipolar MCG fields during the late
phase of atrial activation were related to LA overloading (Sumi et al. 1986).
A pilot study by Nenonen and coworkers (2003), applied the surface gradient method

to examine atrial activation during SR, with minimum-norm estimation and pseudocurrent
transformation used. MCG distribution and pseudocurrent orientation was followed over
atrial activation. During the early phase of activation, the pseudocurrents were pointed
from the subject’s right shoulder leftward and down, but were then rotated leftward and up
after the middle of the activation. Yamada and coworkers (2003) utilized the tangential
component MCG method (equivalent to the pseudocurrent transformation) to examine
atrial activation during atrial flutter. A circular pseudocurrent pattern was observable in all
patients.
Using 64-channel MCG, Nakai and coworkers (2005) constructed a 3D heart outline

and conduction pathway in patients with AF or atrial flutter, using the minimum
normalization method and space filter technique. This model demonstrated macro re-entry
during atrial flutter and random micro re-entry during AF. Kim and coworkers (2007)
visualized activity maps of the AF signal on the heart surface and utilized these maps to
guide minimal surgery. Atrial activation pattern during SR has not been reported by these
methods.
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3 AIMS OF THE STUDY

The aim of this study was to find non-invasive parameters obtained during sinus rhythm
reflecting electrophysiological patterns related to propensity to AF, particularly in the lone
paroxysmal form of the arrhythmia.
The methods of choice were magnetocardiography and electroanatomic mapping. The

purpose was to evaluate and advance non-invasive electromagnetic methods to investigate
the atrial signal. Invasive EAM was used to evaluate atrial electrophysiology, especially
interatrial conduction pattern, and as a reference for non-invasive measurements.

The specific aims were to explore:

I the recording of atrial signal by multichannel MCG, to specify the processing and
detection of atrial depolarization signal obtained by this technique and to assess
reproducibility of atrial signal variables.

II atrial electrophysiologic properties non-invasively by using MCG mapping in
patients with paroxysmal lone AF, particularly to find whether any difference
exists between those who express frequent triggers of AF and those who do not.

III the natural impulse propagation from RA to LA during sinus rhythm in patients
with paroxysmal AF (an electroanatomic study).

IV whether non-invasive MCG mapping techniques can be used to detect atrial
activation patterns, particularly interatrial pathways, and to validate the method
with invasive EAM as a reference.

V atrial signal propagation in a larger cohort of patients with paroxysmal lone AF
and in healthy subjects to learn whether signal propagation to the LA during sinus
rhythm differs between these groups.
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4 MATERIALS AND METHODS

4.1 Subjects and study outlines

In total 136 patients with AF and 104 controls were included in the studies. The
demographic characteristics of the study subjects are presented in Table 2. All
measurements were carried out during SR. All of the study subjects gave their informed
consent. The research protocols were approved by the local ethics committee and
complied with the Declaration of Helsinki.

Table 2. Characteristics of study subjects in Studies I-V.

Study I Study II Study III Study IV Study V
Patients
total, 136
Number 91 802 503 274 1075
Males (%) 7 (78) 61 (76) 39 (78) 21(78) 80 (75)
Age (years) 43 ± 15 44 ± 12 49 ± 9 45 ± 10 45 ± 12
AF type lone

paroxysmal
lone
paroxysmal

lone
paroxysmal
or persistent

paroxysmal
3 not lone

lone
paroxysmal

Hypertension 1* 8 (10)* 0 1 10 (9)*
Antiarrhythmic
medication
b-blocker
class I or III

0 24 (30)

24 (30)
0

27 (54)

15 (30)
16 (32)

10 (37)

8 (30)
5 (18)

27 (25)

27 (25)
0

EAM (maps/subjects) none none 50/50 29/27 none
MCG (maps/subjects) 18/9† 80/80 no 29/27 115/107
Controls
total, 104
Number 106 807 none none 94
Males 10 (100) 61 (76) 70 (75)
Age (years) 31 ± 9 43 ± 14 44 ± 14
Hypertension 0 6 (7)* 7 (7)*
Antiarrhythmic
medication
b-blocker
class I or III

0
0

1 (1)
0

2 (2)
0

MCG (maps/subjects) 20/10† 80/80 102/94

Number (%) of study subjects or mean ± SD. AF, atrial fibrillation; EAM, electroanatomic
mapping; MCG, magnetocardiography. * Borderline arterial hypertension without left ventricular
hypertrophy; † repeated measurements. 1 All are included also in Studies II and V; 2 16 included
also in Studies III and IV, all included in Study V; 3 27 not included in other studies (no MCG
data); 4 16 included also in Study II, 22 included in Study IV, and 21 included in Study V, 5 not
included in Study III (not lone AF 3, new patient 2), and 6 not included in Study V (not lone AF or
antiarrhythmic medication, or both); 5 24 not included in other studies (new patients); 6 8 included
also in Study II; 7 included also in Study V (matching); 7 72 included also in Study V (matching).
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Study I

In Study I, the MCG recording protocol and data processing for MCG atrial signal were
outlined. The basic signal-analyzing techniques and parameters were selected, and
analyses were automated. The focus was on the high-pass filtering techniques. The
methods used were partly adapted from QRS analysis techniques and partly created during
this study. Several candidate techniques and algorhithms were tested. Their relevance in
the light of earlier studies and knowledge of atrial electrophysiology and reproducibility of
the parameters (both in healthy subjects and in patients with AF) was the criterion for
selection of the methods for further study.
The study population comprised 10 healthy volunteers and 9 patients with paroxysmal

lone atrial fibrillation. To assess reproducibility, all subjects underwent repeated MCG
recordings at least at one-week intervals (from 1 week to 6 months). For comparison, the 6
limb leads of the standard 12-lead ECG and 3-lead orthogonal ECG were recorded
simultaneously and analyzed with parallel methods along with the MCG data.

Study II

In Study II, the methods introduced in Study I and some new variables were applied to a
larger population of patients with lone paroxysmal AF and to controls to evaluate atrial
electrophysiological properties. Of particular interest was to find whether any difference
exists between those patients who express frequent triggers of AF and those who do not.
Patients with paroxysmal AF and age- and gender-matched controls, 80 each, were
examined. Patients were screened from among those referred to a tertiary hospital due to
symptomatic paroxysmal AF. Included were patients aged less than 65 years and without
any structural or other heart diseases. These patients were screened for heart disease by
clinical investigation, ECG, and echocardiography. Borderline arterial hypertension
without left ventricular hypertrophy was allowed. Any class I or III antiarrhythmic
medication was discontinued at least five drug half-lives before examination, but severely
symptomatic patients were allowed use of -adrenergic antagonists.
Ambulatory ECG monitoring for 24 or 48 hours was analyzed for classification of AF

to a focal or non-focal type. Data regarding arrhythmia history were collected from patient
interviews and medical records. To describe the frequency of AF recurrences the average
number of arrhythmia episodes over the past year was assessed from patients’ reports and
medical records.

Study III

Study III focused on invasive measurements and particularly on elucidating impulse
propagation from the RA to LA. Alterations in conduction from RA to LA have been linked
to susceptibility to AF. However, knowledge of interatrial conduction in the intact human
heart during SR has been based on only a few relatively small studies. In this study, a total
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of 50 patients referred for catheter ablation of AF (Helsinki 36, Lund 14) were recruited.
Selection criteria for the study were: 1) diagnosis of paroxysmal or persistent AF with
disabiling symptoms, 2) structurally normal heart and 3) age below 70 years. Only patients
with SR at the time of the EAM were included. Antiarrhythmic medications were halted
prior to ablation when possible.

Study IV

In Study IV, the main emphasis was on detection of interatrial conduction pattern non-
invasively. MCG mapping and a new analysis method based on a surface gradient
technique were utilized and validated with intracardiac EAM as a reference. The study
comprised 27 patients undergoing electrophysiological examination prior to catheter
ablation therapy for paroxysmal AF. Patients were included who were able to go to MCG
recording before ablation and who were in SR both at the time of the MCG recording and
at the time of EAM. Presence of structural heart disease was assessed by clinical, ECG,
and cardiac ultrasound examinations. Anti-arrhythmic medication was discontinued at
least for five half-life times before examination in the majority of patients. The LA was
mapped in all patients, and in six patients RA was also mapped intracardially.

Study V

In Study V, the MCG mapping method introduced in Study IV was applied to a larger
population to examine whether interatrial conduction differs between patients with lone
paroxysmal AF and healthy subjects. AF patients numbered 107, and controls, 94.
Controls were matched to equalize gender and age distribution in both groups. Inclusion
criteria were otherwise the same as in Study II, but no data from ambulatory ECG
monitoring was required.

4.2 Magnetocardiography

4.2.1 Recording and data processing

MCG was recorded in a magnetically shielded room (ETS-Lindgren Euroshield Oy, Eura,
Finland) using a multi-channel cardiomagnetometer (Elekta Neuromag Ltd, Helsinki,
Finland) equipped with 33 triple sensor dc-SQUID units on a slightly curved surface with
a diameter of 30 cm (Figure 7). In each unit a magnetometer overlies two orthogonal
planar gradiometers, the magnetometer coil direction being perpendicular to the sensor
array (z-axis). Measured are the magnetic field Bz component and the spatial change in
this component, the planar gradients, d(Bz)/dx and d(Bz)/dy.



50

During recording the subjects lay on a non-magnetic bed. The location of the MCG
sensor array in regard to the chest was obtained via marker coils. In each measurement
session, three coils were attached to the subject’s anterior chest. The location of these coils
and bone landmarks on the chest were determined with a 3D digitizer. After digitizing, the
device was placed over the anterior chest as close as possible to, but without touching the
skin, the center of the sensor array positioned at 15 cm below the jugular notch and 5 cm
left from the midsternal line as schematically illustrated in Figure 9. Before data
acquisition, an electric current was fed through the coils, enabling their localization in
MCG measurements. This provided information as to where the frontal chest was
positioned under the MCG sensor array. Recordings were performed during SR from 5 to
7 minutes. Simultaneously the limb leads of the standard ECG, and orthogonal three-lead
ECG were recorded. The analog signal pass-band was 0.03-300 Hz, and sampling
frequency of analog-to-digital conversion was 1000 Hz.
To increase the signal-to-noise ratio of Signal-Space Projection (SSP) (Uusitalo and

Ilmoniemi 1997), 50 Hz band pass filtering and signal averaging were used. The data were
averaged by use of XCardio software designed for processing functional imaging format
data obtained in the measurements. In the averaging, beats were compared to a selected
template beat and either accepted or rejected according to criteria defined by the user. In
this study, the criteria were correlation greater than 90% in magnetometer channels, 80%
in planar MCG channels, and 95% in ECG channels and maximum noise of 200 fT in
magnetometer channels, 150 fT/cm in planar MCG channels and 20 yV in ECG channels
in a 40-ms noise window at the T-P segment. Another requirement was that the T-wave
should fit in a tube of 2 pT for magnetometer channels, 1pT/cm for planar MCG channels,
and 150 yV for ECG channels around the template beat. The baseline for the beats was
defined from a 40-ms section of the TP interval about 20 ms before P wave onset. In case
of significant baseline drift, the line was fitted between two successive T-P intervals. The
P waves and QRS-T complexes were averaged separately. Ectopic beats and excessively
noisy sinus beats were rejected. If two distinct sinus P wave morphologies were present,
these were separately averaged. To be classified into two differing sinus P waves, both
should be designed to be of sinus origin according to the heart rate and AV conduction
pattern; both morphologies should appear as series, and during selective averaging, each
beat should become selected in only one morphology, even if the correlation limit was
lowered.

4.2.2 Application of high-pass filtering techniques

Onset and end of the P wave as well as P wave duration (Pd) were automatically
determined by 40-Hz high-pass filtering and a computerized algorithm. More specifically,
determination of the duration of atrial complex was done as follows: 1) the averaged
signal was high-pass filtered using a bidirectional Butterworth-type, fourth-order filter
having its corner frequency at 40 Hz (in Study I 25 and 60 Hz filters were also examined).
2) An envelope complex was formed by Hilbert transformation realized by a finite
impulse response filter. 3) Noise was determined as the mean signal amplitude over a 40-
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ms time window in the TP segment. MCG channels with a mean noise level over 20 fT
were rejected. 4) The onset of the atrial complex was defined as the mid-point of a 5-ms
interval where the average amplitude first exceeds the mean noise level by 10 fT when
approaching the atrial complex. 5) Atrial signal end was determined as follows: First, the
lowest mean amplitude of a 5-ms window which was found between the atrial and QRS
complexes was set as the reference noise level. Then the atrial complex offset was defined
as the mid-point of a 5-ms interval where the mean atrial signal amplitude declines to less
than 10 fT above the reference noise level. MCG parameters from individual channels
were used to assess spatial distribution. Variation between channels was expressed as
standard deviation (SD) values. To estimate the whole activation time, atrial wave
duration was calculated as the median offset time minus the median onset time in any
channel (Figure 10).

Figure 10. Left: Example of automatically detected onset and end times of atrial depolarization
signal in 33 magnetometer channels. Non-filtered (upper) and 40 Hz high-pass filtered signal
(lower). Right: Data from 33 magnetometer channels superimposed. Red vertical bars indicate
medians of onset and end times used to calculate duration of atrial depolarization complex.

To be able to determine also very small amplitudes, the detection threshold was set to
tolerate a 5% chance of error, i.e., false outliers cannot be avoided. The advantage of using
medians is the ability to avoid the influence of these outliers in automated determination
of atrial signal duration. Variation in the onset and end times between channels was 5 and
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8 ms on average, and the difference between the earliest and latest detection and medians
was 2 and 3 ms on average. This was considered accectable, taking into account the fact
that the filter utilized in this work widens the signal by approximately 3 to 4 ms in Pd
duration. The algorithm was developed and automated as a part of Study I.
Other variables determined automatically from the filtered signal were: maximal atrial

signal amplitude, area of the high-pass filtered complex, and RMS amplitudes of the
magnetic field strength during the whole atrial complex and initial and last portion of the
signal (20, 30, 40, 50 and 60 ms time sequences). The mean amplitudes of the channels
included served in further analysis.

4.2.3 Fragmentation analysis (II)

The fragmentation of the atrial complex was examined by computing the number of
polarity changes in the binomial filtered (37-90 Hz) atrial complex and expressed as index
M and score S by the method previously applied for the QRS complex (Korhonen et al.
2001).

4.2.4 PR interval and QRS-T analyses (II)

The QRS-T complex was averaged separately by use of maximum cross-correlation with
the user-selected templates (Korhonen et al. 2000). Duration of the QRS complex (QRSd)
was determined as described in detail earlier (Simson 1981, Korhonen et al. 2000). The
PR interval was calculated via the medians of onset and end times in all averaged
magnetometer channels. The ratios Pd/PR and Pd/QRSd were also calculated.
The end and the apex of the T-wave were automatically determined from non-filtered

data (Oikarinen et al. 1998). The QT interval (from QRS onset to T wave end), corrected
QT interval (Bazett’s equation), and the time from T wave peak to T wave end (T apex –
T end interval) were calculated. The heart rate was obtained as a mean of the R-R intervals
preceding the averaged complexes.

4.2.5 MCG maps, application of surface gradient methods (IV, V)

Time interval over the first 30 ms of the atrial complex was taken to represent the early
part of RA activation. The time interval of 40 to 70 ms after the beginning of the atrial
complex was chosen to represent the early part of LA activation, and the latter half of the
atrial wave to represent the later part of the LA activation (Figure 11). Selection of these
time intervals was based on knowledge of the atrial activation sequence (Roithinger et al.
1999, De Ponti et al. 2002, Lemery et al. 2004, 2007, Markides et al. 2003, Cosío et al.
2004).
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Figure 11. Right (RA) and left (LA) atrial activation times in relation to entire atrial activation in
electroanatomic mapping. Vertical bars represent each measured point in RA (blue) and in LA
(red). The three curves show simultaneously measured electrocardiographic leads I (- - -), II ( )
and III (.....). Both atria were activating simultaneously over 43% of the total activation time.

Integrals of the magnetic field Bz component over the defined time intervals were
interpolated at the sensor array plane over the anterior chest from the signal-averaged
atrial waves. This was done using magnetic multipole expansion (origin at 15 cm below
the central magnetometer, expansion order 5) as the equivalent source and pseudo inverse
of the transfer matrix to determine the multipole coefficients (Jackson et al. 1999). The
forward transfer matrix was created as an equally spaced grid of points on a cylindrical
surface (radius 82 cm) spanning the sensor area with separation of 0.5 cm and diameter of
26 cm, resulting in a total of 2 128 points. Simple first-order approximation was used to
evaluate the planar gradients, A
pseudocurrent conversion was used to characterize the orientation of magnetic fields
(Cohen et al. 1976). This method is based on rotating the estimated planar gradients of the
Bz component by 90 degrees:

Here, ex and ey are the perpendicular unit vectors on the sensor array plane. The resulting
arrow map provides a zero-order approximation (pseudocurrent pattern) for the underlying
electric currents, the direction of the strongest pseudocurrents pointing in the direction of
activation(s) over the inspected time-interval. To assess the MCG map orientation
quantitatively, the mean of the angles of the top 30% of the strongest pseudocurrents was
calculated, the zero angle direction pointing from the subject’s right to left and being
positive clockwise. The thresholding method is an efficient and robust means to
characterize the magnetic field maps. The thresholded mean direction is less sensitive to
noise than is the direction of a single pseudocurrent value. In cases with a complex (non-
dipolar) magnetic field distribution, the shape of the thresholded area and the
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pseudocurrent directions within the area may also serve to evaluate the reliability of the
mean direction. This method is illustrated in Figure 12.

Figure 12. Recording and analysis of atrial magnetic fields. A) Sensor arrangement of a 33-unit
triple sensor (99-channel) magnetometer. Superimposed on the sensor array is the anteroposterior
view of the left atrium by electroanatomic mapping. B) Signal-averaged magnetic field density on
each magnetometer channel over a cardiac cycle. Onset and end of the atrial signal are
determined automatically by a filtering technique. C) Spatial distribution of the magnetic field Bz
component over the middle part of the atrial complex interpolated from the measurement using
multipole expansion. Blue indicates flux out of the chest (-), and red, flux into the chest (+). The
step between two consecutive lines is 200 fT. D) Pseudocurrent map derived by rotating magnetic
field gradients by 90 degrees. The red-yellow area indicates the area of the top 30% of the
strongest currents, and the yellow arrow indicates their mean direction. The zero- angle direction
points from the subject’s right to left, and positive is clockwise. Reprinted from the original
publication (IV) with the permission of Oxford University Press.

4.3 Electrocardiography (ECG)

4.3.1 Recording and data processing

The limb leads of the standard 12-lead ECG and a 3-lead orthogonal ECG (X, Y and Z)
were registered simultaneously with MCG. Ag/AgCl electrodes were used. The X
electrodes were placed in the left and right mid-axillary line in the fourth intercostal space;
the Y electrodes were placed in the jugular notch and left superior spina iliaca anterior; the
positive Z electrode was placed parasternally in the fourth intercostal space corresponding
to lead V2, and the negative Z electrode was placed on the back as a reflection of the Z +
electrode. The vector direction of this system is leftward, inferior, and anterior.
The ECG data were analyzed with the XYZ magnitude complex and by methods

analogous to those applied in MCG. A 1 V limit (analogous to 10 fT in MCG) was used
in the definitions for atrial signal onset and offset. The P wave morphology in limb leads I,
II, and III recorded during EAM by the CARTO system and during MCG mapping served
to capture similar atrial activity in both mappings.

+
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4.4 Intracardiac measurements (III, IV)

The EAM was performed with the electroanatomical mapping system (CARTO®XP
System, Biosense Webster, Diamond Bar, CA, USA) with either a 7F Navi-Star or
ThermoCool catheter (Biosense Webster). A decapolar 6F diagnostic catheter was placed
in the CS for time reference. The electrophysiological study was performed using standard
techniques with the CardioLab system (Prucka Engineering, GE Healthcare, WI, USA) or
Bard LabSystem DUO (Bard Electrophysiology, Billerica, MA, USA).

4.4.1 Electroanatomic maps (EAM)

Three-dimensional isochronal activation maps were generated in SR, gated to a stable
coronary sinus reference signal (Gepstein et al. 1997, Smeets et al. 1998). All the points
and the respective ECG and intracardiac recordings in the maps were visually inspected.
Local activation time was determined as the maximum or minimum of the first sharp
deflection with its absolute value over 0.1 mV of the bipolar signal at the distal electrode
pair of the catheter (Holmqvist et al. 2008, Weiss et al. 2001). P wave morphology was
examined in order to ensure sinus origin. The point was rejected if the beat was ectopic,
the intracardiac signal was less than 0.1 mV in amplitude, or signs of catheter instability
were visible (Gepstein et al. 1997, Smeets et al. 1998, Roithinger et al. 1999, Weiss et al.
2001, Lemery et al. 2004, 2007, Holmqvist et al. 2008). If more than one sinus P wave
morphology appeared in a recording, each was analyzed separately. When double
potentials were found, the first was used except when it was a low-frequency far-field
potential (Holmqvist et al. 2008). All intracardiac EGM data were gathered before the start
of the ablation procedure.

4.4.2 Determination of interatrial conduction pathway(s)

Electroanatomic maps (EAM) of atrial activation were reconstructed applying interpolated
colour code adjustments of local activation times on the recorded anatomic shape. The
area of first activation in the LA was determined. Conduction via the BB was assumed
when the earliest activation was in the upper third of the LA, superior to and leftward from
the upper right PV. Conduction via the rim of the FO was assumed when the earliest
activation was within the middle third of the LA, around the transseptal puncture site.
Conduction via the CS region was assumed when the earliest activation was in the lowest
1 cm of the LA, with the activation front directed cranially. More than one electrical
breakthrough site was considered to exist when distinct conduction sites were activated
within 15 ms and were separated by areas showing later activation (Roithinger et al.
1999). According to the breakthrough sites observed, the patients were separated into BB,
CS, FO, and combined (multisite activation) groups. The differing breakthrough patterns
are illustrated in Figure 13. The LA activation sequence was examined by use of both
activation and propagation maps, and the direction of signal propagation was assessed
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visually. All electroanatomic signals were examined by two readers, and in cases of
discordance in breakthrough sites, consensus was reached after consultation with an
electrophysiologist experienced in cardiac mapping.

Figure 13. Left atrial activation pattern in electroanatomic mapping. Isochronal activation maps
during sinus rhythm in anteroposterior projection from four cases with differing interatrial
propagation routes. The left atrium is activated via Bachmann bundle (BB), rim of the fossa ovalis
(FO), coronary sinus ostium (CS), and a combination of BB and CS routes. Red identifies the
earliest and purple the latest activation. The step between two isochronal lines is 5 ms. Activation
breakthroughs are inside circles.

4.4.3 Determination of activation times

The onset of atrial activation was determined from the 12-lead ECG with a speed of 100
mm/s as the earliest time-point where the signal could be separated from the baseline. The
time from onset to the last intracardiac LA activation was defined as the total atrial
activation time. Total LA and RA activation times were determined from intracardiac
recordings.

4.5 Comparison between invasive and non-invasive measurements
(IV)

The MCG map orientations during 40 to 70 ms after onset of the atrial complex and over
its last 50% were compared to LA breakthrough areas in EAM in each individual. The
pseudocurrent angles in MCG maps were calculated for the whole patient group and for
subgroups with different breakthrough sites. In addition, in six patients, the MCG map
orientation of the integral over the first 30 ms of atrial depolarization complex was
compared to EAM of the RA. The P wave morphology in limb leads of the standard ECG
recorded during both mappings served to capture similar atrial activity in each of the EAM
+ MCG map pairs (Vitikainen 2005). An example of the EAM and MCG data on the same
time-scale is shown in Figure 14.
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Figure 14. Atrial electroanatomic (EAM) and magnetocardiographic (MCG) mappings. Above:
EAM: isochronal activation maps of the right atria (RA) and left atria (LA) in anteroposterior
(left) and posteroanterior (right) projections on a color-coded timescale. The step between two
isochronal lines is 5 ms. Total atrial activation time in this case is 120 ms. The earliest RA
activation is seen at the upper lateral-septal part of the atrium (red star). Earliest LA activation is
in the middle interatrial septum and 5 ms later at the area of Bachmann bundle (BB) and 10 ms
later at the coronary sinus (CS) ostial area. The multisite activation pattern is best visible from the
back – marked by thin arrows, the upper representing BB and lower CS routes. Activation fronts
are indicated by arrows and symbols ..... for RA, for initial LA and - - - for later LA
activation. Below: MCG: isochronal pseudocurrent density maps representing the RA (first 30
ms), initial LA (40-70 ms) and later LA (last half of the entire atria) activation time. Maps
represent slightly tilted frontal plane projections with horizontal line from subject’s right to left.
Red-yellow areas correspond to the top 30% of the pseudocurrent amplitudes, with their mean
angle indicated with yellow arrows. Reprinted from the original publication (IV) with the
permission of Oxford University Press.
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4.6 Ambulatory ECG (II)

In Study II, ambulatory ECG monitoring for 24 or 48 hours was evaluated for
classification into focal and non-focal types of AF. The number of PACs per hour and
presence of early (P-on-T) PACs, atrial bigeminy, and atrial tachycardia were analyzed.
AF was defined as focally triggered if it was initiated by frequent early PACs or rapid
atrial tachycardia at a rate of > 200 beats per minute. In the absence of AF in the
recording, AF was considered also focally triggered if repeated episodes of fast atrial
tachycardia or uncommon flutter occured. Examples of typical findings in ambulatory
ECG recordings are illustrated in Figure 15.

Figure 15. Examples of ambulatory ECG recordings in two patients with lone paroxysmal AF
confirmed to have a focal-origin AF in invasive mappings. a) Repeated premature atrial complex
(P-on-T) appearing also as a series. b) Premature atrial complex appearing bigeminially and
initiating a paroxysm of AF.

4.7 Statistical methods

Continuous data are expressed as mean ± SD, angular data as mean angle and circular
standard deviation (CSD), and categorical variables as number and proportion of positive
cases in groups. Pearson’s correlation coefficient was used to study the relationship of
continuous variables. Coefficient of variation was used to compare measurements
obtained by two different methods.
Differences between two groups were examined with Student’s t-test or Mann-

Whitney U-test, depending on the distribution, or the Wheeler-Watson-test (circular data),
for continuous variables, and -test for categorical variables. The one-tailed Mann-
Whitney U-test was used to test angular distances between two groups.
Differences between multiple groups were examined with the following tests: Analysis

of variance (ANOVA) followed by a multiple comparison test was performed for
continuous variables. Nonparametric Kruskal-Wallis analysis of variance followed by a
multiple comparison test served for circular variables. The test served for categorical
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variables. In cases of multiple categories, to determine which categories were statistically
different from which others, we used the procedure Multiple Comparisons for Proportions
as described by J.H. Zar (1999).
In addition, in Study IV, an angular-angular correlation coefficient was used to study

the relationships of the magnetic field map orientations, and Watson’s U2 test served for
differences between groups (Zar 1999).
Coefficient of variation (CV) in repeated measurements was determined by analysis of

variance, calculated as square root of mean square of within-subject variability divided by
the mean of each variable, [(Mean square within)1/2/ mean] (Bland and Altman 1996).
CV was transformed to percentage value by multiplying by 100. Comparison of
reproducibility between different filtering frequencies and between groups was performed
with proportional difference, which was calculated as m1-m2 /((m1+m2)/2) for each
subject. (II)
A two-tailed p-value < 0.05 was considered statistically significant. Commercial

software SPSS for Windows (SPSS Inc., Chicago, IL, USA) was used in Study I (version
11.5) and in Study III (version 13.0). Otherwise calculations were performed with Matlab
R2006b, The MathWorks, Inc. utilizing Statistics Toolbox when applicable.
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5 RESULTS

5.1 Clinical characteristics of study subjects (I-V)

Overall 240 subjects were enrolled, 136 patients and 104 controls. The mean age of
patients was 45 years and about three-fourths were male. Men were younger than women
and also had had onset of symptoms and confirmed AF diagnosis at an earlier age. None
of the patients except three (included in Study IV) had structural heart disease. Slight
arterial hypertension without LV hypertrophy in ECG or cardiac ultrasound was allowed
and occurred in les than 10% of patients. None of the patients had permanent AF. Most of
the patients were measured without any Class I and III antiarrhythmic medication. ß-
blockers were allowed and used by 25 to 30% of the patients in Studies II to V. No
difference existed between the patient and control groups (II, V) in regard to gender
distribution, age, history of arterial hypertension, BMI, or LA or ventricular features in
echocardiography. The patients tended to be taller.
In Study II, the clinical characteristics were evaluated in more detail. The age at time

of first confirmed AF was about 37 years in men and 50 years in women and about 5 years
later than onset of AF symptoms. In all, AF had occurred as recurrent, mostly self-
terminating episodes. The majority had AF episodes at least once a week. An episode had
lasted > 24 hours in 21% and > 1 week in 10% of the patients. Electrical cardioversion had
been performed in 34% of the patients. In 72%, AF was classified as focally triggered by
observations in ambulatory ECG or telemetry monitoring. The number of PACs was 46 ±
85 complexes per hour in focally triggered AF patients, whereas the number was 1 ± 1
complexes per hour in other AF patients.

5.2 Processing and detection of atrial depolarization signal

5.2.1 High-pass filtering techniques (I, II, IV, V)

Using MCG mapping and the high-pass filtering technique, the duration of atrial signal
could be measured automatically with good reproducibility both in healthy subjects and in
patients with AF (I). Coefficient of variation (CV) of atrial signal duration at 40 Hz by
MCG was 3.3% and difference between the measurements was 3.5 ms on average.
Corresponding figures by SAECG were 6.1% and 6.9 ms. Reproducibility of amplitude
variables was in the range of 10% to 20%. Reproducibility was best by 40 Hz high pass
cut-off frequency and similar in patients and healthy subjects.
The filtered atrial wave duration by MCG and total atrial activation time in EAM

correlated positively with r = 0.79, p< 0.001. CV was 5.1%, and the difference between
measurements was on average 6.9 ms (IV, Figure 16). Corresponding values by SAECG
were r = 0.62, p < 0.001, CV 6.1%, and mean difference 9.5 ms.



61

70

80

90

100

110

120

130

140

150

160

70 80 90 100 110 120 130 140 150 160

P duration by MCG (ms)

P
du
ra
tio
n
by
E
A
M
(m
s)

Figure 16. Correspondence of atrial wave duration determined by MCG and by electroanatomic
mapping in 27 AF patients (III). Pearson’s correlation coefficient and coefficient of variation were
used for statistics. Correlation coefficient r = 0.79, p < 0.001, CV% 5.1.

The atrial signal duration in MCG and SAECG were correlated with coefficient r =
0.64 (p < 0.01). Additionally, the RMS amplitudes of the first portion of the atrial complex
were correlated between MCG and SAECG (r = 0.49, p < 0.01), but not those of the last
atrial portion (r = 0.25 - 0.30, p = ns) (I). The relation between MCG and SAECG
measurements was similar also in a larger population (II, IV, V). The pooled data of 80
patients and 80 controls in Study II showed a correlation coefficient of 0.66 for Pd, 0.64
for the first 30-ms RMS, and 0.52 for the last 40-ms RMS. When evaluated separately in
patients and controls, the correlation coefficients for Pd and the first 30-ms RMS were of
the same magnitude in both groups, but differed for the last 40-ms RMS: r = 0.38 in
patients (r = 0.18 in patients with non-focal AF) and r = 0.65 in controls (Jurkko et al.
unpublished results).

5.2.2 Surface gradient method and pseudocurrent conversion (IV, V)

The pseudocurrent direction during the first 30 ms of the atrial complex, representing early
RA activation, was mostly leftward down, mean angle 43 º (CSD 28 º) in Study IV. Over
the time interval of 40 to 70 ms from onset of the atrial complex the mean angle was 39º
(CSD 30º), and over the time interval of the last 50% of the atrial complex, the mean angle
was 3º (CSD 51º). An example of MCG maps over the selected time-intervals of atrial
depolarization is in Figure 14 (bottom).
When both the early and late LA MCG maps were viewed together, three types of

combinations emerged: Type 1 with both maps showing pseudocurrent orientation
leftward down, i.e., the pseudocurrent angle was positive during both intervals; Type 2
with the map over the 40 to 70 ms orienting leftward down and the map over the last 50%
of the atrial signal orienting leftward up, i.e., the pseudocurrent angle was positive and
negative; Type 3 had both maps orienting leftward up, i.e., the pseudocurrent angle was
negative during both intervals. Examples of these 3 types are in Figure 17.
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Figure 17. MCG data from three study subjects representing the three different atrial activation
patterns; row 1: Type 1, row 2: Type 2, row 3: Type 3. A: ECG, B: Superimposed averaged P
wave of all MCG channels included. C-E: Isovalue pseudocurrent density maps representing (C)
right atrial (first 30 ms), (D) initial left atrial (40-70 ms), and (E) later left atrial (last 50%)
activation. Maps represent slightly tilted frontal plane projections with a horizontal line from the
subject’s right to left. Red-yellow areas correspond to the top 30% of the pseudocurrent
amplitudes, and their mean angle is indicated with yellow arrows. Types 1, 2, and 3 refer to the
classification based on pseudocurrent direction in the left atrial magnetic field maps, each related
to distinct interatrial activation pathways.

5.2.5 Validation of MCG mapping method (IV)

Activation fronts in MCG maps differed between subgroups allocated in regard to LA
breakthrough sites in EAMs. Over the time-interval 40 to 70 ms during the atrial complex,
the pseudocurrent mean angle in the BB group pointed leftward down, more horizontally
in the FO and combined groups, and leftward up in the CS group. The distribution of
magnetic field orientation in the BB group (n = 14) was significantly different from that in
other groups (n = 15), p < 0.02.
The direction of pseudocurrent angle over the latter half of the atrial complex was

positive in all cases in the BB group and in two cases of combined pathways (BB & CS
and BB & FO), but negative in all 13 other maps. Moreover, during this time-interval, the
distribution of magnetic field orientation in the BB group was significantly different from
that in other groups, p < 0.001. Magnetic field orientations over the initial and later part of
LA activation showed high mutual correlation (angular-angular r = 0.89, p < 0.001) in
cases with single breakthrough via BB or CS, but differed in cases with FO and combined
breakthroughs.
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Assessed by LA map types, all 14 cases of solitary breakthrough via the BB had Type
1 magnetic field maps (Table 3). The three cases with solitary FO breakthrough had Type
2 maps, and both cases with solitary CS breakthrough had Type 3 maps. In combined
pathways (n = 10), Type 2 maps were found in eight cases and Type 1 maps in two.
Overall, with the MCG map type as a criterion, the LA breakthrough site was correctly
identified as BB, CS, and FO or combined pathways in 27 of 29 cases (93%). Only the
solitary breakthrough via FO could not be separated from the combined pathways.

Table 3. Relationship between left atrial breakthrough site in electroanatomic mapping and type
of magnetic field orientation over the early (40-70 ms) and later (last 50%) portion of left atrial
depolarization analyzed from magnetocardiographic recordings (IV).

Breakthrough site to LA MCG map type
Type 1 Type 2 Type 3

BB (n = 14) 14 0 0
FO (n = 3) 0 3 0
CS (n = 2) 0 0 2
Combined routes (n = 10)

BB + FO
BB + CS
FO + CS
BB + FO + CS

2
1
1
0
0

8
2
0
4
2

0
0
0
0
0

All (N = 29) 16 11 2

Number of cases in conduction pathway groups. BB, Bachmann bundle; FO, rim of fossa ovalis;
Combined, two or more breakthrough areas; CS, coronary sinus ostium; LA, left atrium; MCG
map, magnetocardiographic map. The MCG map types refer to classification of cases based on
pseudocurrent orientation during left atrial activation: Type 1: pseudocurrent angle positive in
both maps; Type 2: pseudocurrent angle positive in the map over 40-70 ms and negative in the
map over last 50%; Type 3: pseudocurrent angle negative in both maps.

5.3 Atrial signal patterns in patients with AF

5.3.1 Duration of atrial depolarization (I, II, III, IV, V)

In Studies II and V, the duration of atrial depolarization complex was slightly longer in
patients than in controls (Table 4) and the proportion of the atrial signal from the PR
interval, Pd/PR ratio, was larger in patients (Table 5). In Study II, the Pd/QRSd ratio was
also calculated and was larger in patients than in controls (Table 5). In all these
measurements the difference was more obvious in women. (II, V). Within lone
paroxysmal AF, the longer Pd was related to the focal type of AF (II) and to the BB and
the FO/multisite type interatrial conduction pattern (V). In controls, the Pd was longer in
men and in the FO/multisite type interatrial conduction pattern (II, V). In all substudies,
marked proportion of patients had normal Pd. In Study V, the Pd was 110 ms ( 120 ms)
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in 46% (71%) of the patients and in 77% (89%) of the controls. Pd did not correlate with
LA size.

Table 4. Duration of atrial depolarization complex in patients with paroxysmal AF and in controls
(I-V).

Type of AF Patients,
number
(males%)

Class I
and
III
drugs

Pd (ms) Controls,
number
(males%)

Pd (ms) p-value

Study I Lone paroxysmal 9 (78) none 109 ± 8 10 (100) 109 ± 7 n.s.
Study II Lone paroxysmal

men
women

80 (76)
61
19

none 109 ± 11
110 ± 12
108 ± 11

80 (76)
61
19

104 ± 12
106 ± 12
98 ± 6

0.007
n.s.
< 0.001

Study III Lone paroxysmal
or persistent

50 (78) 16(32) 119 ±14* none

Study IV Paroxysmal,
3 not lone

291(76) 5(17) 115 ± 15
117 ±12*

none

Study V Lone paroxysmal
men
women

107 (75)
80
27

none 112 ± 13
112 ± 12
111 ± 13

94 (75)
70
24

104 ± 13
106 ± 12
97 ± 9

< 0.001
0.001
< 0.001

Number (%) of study subjects or mean ± SD. AF, atrial fibrillation; Pd, duration of filtered atrial
signal. * duration of atrial activation in electroanatomic mapping. 1 two patients with two different
P wave morphologies are presented duplicated.

5.3.2 Atrial RMS amplitudes and fragmentation analysis (I, II)

In Study II, the RMS amplitudes of the 40 Hz high-pass filtered atrial complex did not
differ between patients and controls (Table 5). Yet, in patients classified as non-focal AF,
the RMS amplitude of the last 40 ms of the atrial complex, RMS40, was significantly
lower than in patients with focal AF or in controls, 59 ± 17 vs. 81 ± 31 and vs. 74 ± 36 fT,
p < 0.001 and p = 0.006, respectively (Figure 18). In Study I, the RMS40 was 63 ± 15 fT
in the nine patients, three of whom can be classified as focal type of AF.
In controls, the Pd was longer and RMS amplitudes of the whole atrial wave, PRMS,

were larger in men (Pd 106 ± 12 vs. 98 ± 6 ms, p < 0.001, PRMS 96 ± 36 vs. 73 ± 31 fT, p
= 0.009). In AF patients, the variables did not differ between genders (110 ± 12 vs. 108 ±
11 ms, 96 ± 34 vs. 83 ± 36 fT, p = n.s.). No differences appeared in fragmentation
analyses. (II)
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Table 5. MCG signal measures in patients with paroxysmal lone AF and in controls (II).

AF patients
N = 80

Controls
N = 80 p-value

Heart rate (beats/min) 60 ± 10 61 ± 8 n.s.
PR interval (ms) 156 ± 23 159 ± 20 n.s.
QRS duration (ms) 100 ± 10 103 ± 10 n.s.
QRS RMS (fT) 1100 ± 400 1300 ± 590 n.s.
QTc (ms) 401 ± 23 396 ± 20 n.s.
T apex – T end interval (ms) 79 ± 10 76 ± 10 n.s.
P duration (ms) 109 ± 11 104 ± 12 0.007
Pd/PR ratio 0.71 ± 0.08 0.66 ± 0.09 < 0.001
Pd/QRSd ratio 1.10 ± 0.15 1.01 ± 0.12 < 0.001
P RMS (fT) 93 ± 35 91 ± 36 n.s.
P RMS40 (fT) 75 ± 29 74 ± 36 n.s.
Fragmentation index M
Fragmentation score S

9.5 ± 1.7
73 ± 21

9.5 ± 1.7
72 ± 19

n.s.
n.s.

Group mean ± SD. Student’s t-test. AF, atrial fibrillation; fT = 10-15 Tesla; Pd, duration of filtered
atrial signal; P RMS, RMS over whole atrial complex; P RMS40, RMS over last 40 ms of atrial
complex; QTc, QT value corrected by Bazett’s formula; RMS, root mean square amplitude.

Figure 18. 40 Hz high-pass filtered atrial complex in a patient with focal AF (left) and in a
patient with non-focal AF (right). In focal AF, atrial signal strength is normal also during the late
phase of the atrial complex when the left atrium is depolarized, but in non-focal AF, late phase
amplitudes are reduced (arrows). Data expressed as a superimposed display of 33 magnetometer
channels. The automatically determined onset and end of atrial complex indicated with vertical
bars. Reprinted from the original publication (II) with the permission of John Wiley & Sons Ltd.
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5.3.3 PR interval, QRS complex, and QT interval (I, II, V)

The PR interval was similar in patients and controls (Table 5). In Studies I, II, and V, the
PR interval was 200 ms in eight patients (range 200-236 ms) and in two controls (209
and 221 ms). The difference was not significant. The QRS duration and the QT interval
variables evaluated in Study II were similar in patients and controls. The heart-rate-
corrected QT interval exceeded 450 ms in three patients and two controls (p = n.s.). The T
apex – T end interval was longer in patients than in controls in women, 77 ± 9 vs. 70 ± 5
ms (p = 0.01) on average, but not in men.

5.4 Atrial conduction

5.4.1 Interatrial conduction assessed by EAM (III, IV)

In the intracardiac mappings (III and IV), three distinct interatrial breakthrough sites, the area of the
BB, the rim of the FO, and the CS ostial region, were identified as solitary pathways or in various
combinations; examples are shown in Figure 13. In Study III, a single interatrial breakthrough was
recorded in 72% of cases. In the majority of patients, this involved the anterosuperior area, reflecting
propagation through the BB. Less often was LA activated through the atrial septum in the vicinity of
the FO, and in a few cases, the activation proceeded via the CS connections. Activation occurred
simultaneously through more than a single pathway in 28% of patients. In these cases, the FO was
involved at least as often (11/14 or 79%) as the BB (10/14 or 71%). In 2 of 50 patients, the activation
propagated through all three pathways more or less simultaneously. In sum, the activation
propagated via the BB either as a solitary or as part of a combined route in 70% of the patients
(35/50), via the FO route in 36% (18/50), and via the CS in 26% (13/50). The proportion of different
interatrial activation patterns in Study IVwas close to that of Study III (Table 6).

Table 6. Left atrial breakthrough areas in Studies III and IV.

Study III
N=50

Study IV
N=29

Route n (%) n (%)
Solitary routes
- BB
- FO
- CS
Total

25 (50)
7 (14)
4 (8)
36 (72)

14 (48)
3 (10)
2 (7)
19 (65)

Combined routes
- BB + FO
- BB + CS
- FO + CS
- BB + FO + CS
Total

5 (10)
3 (6)
4 (8)
2 (4)
14 (28)

3 (10)
1 (3)
4 (14)
2 (7)
10 (34)

Number (%) of cases. BB, Bachmann bundle; FO, margin of fossa ovalis; Combined, two or more
breakthrough areas; CS, coronary sinus ostium.
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In Study III, the duration of total atrial activation was 119 ± 14 ms. The earliest LA
activation was detected 36 ± 14 ms after the onset of the atrial complex, and duration of
LA activation was 84 ± 14 ms. Some differences emerged between groups categorized
according to propagation routes. In the group that showed conduction via the FO either
as a single route or as a part of combined routes the duration of measured LA activation
was longer than in other groups, 93 ± 7 vs. 81 ± 15 ms, p = 0.003. However, in this group,
the first activation in LA was rather early (29 ± 11 vs. 40 ± 13, p = 0.06), with no
significant difference in total activation time (124 ± 11 vs. 120 ± 14, p = n.s.). No
significant differences were evident between male and female patients or in relation to
patients’ age. Activation times in Studies III and IV are in Table 7.

Table 7. Atrial activation times in the whole study population and in subgroups formed according
to left atrial breakthrough area in electroanatomic mapping (III, IV).

All BB CS FO Combined

Study III, number (%) 50 25 (50) 4(8) 7(14) 14(28)
Total atrial activation (ms) 119 ± 14 121 ± 15 114 ± 13 124 ± 11 118 ± 11
First activation in LA (ms) 36 ± 14 41 ± 14 34 ± 9 29 ± 11 35 ± 10
LA activation (ms) 84 ± 14 81 ± 16 80 ± 9 93 ± 7 84 ± 12

Study IV, number (%) 29 14(48) 2(7) 3(10) 10(34)
Total atrial activation (ms) 117 ± 12 116 ± 10 102 ± 3 123 ± 11 120 ± 13
First activation in LA (ms) 34 ± 9 34 ± 8 40 ± 11 32 ± 4 32 ± 10
LA activation (ms) 84 ± 14 81 ± 10 62 ± 14 91 ± 11 88 ± 14

Number(%) or mean ± SD. BB, Bachmann bundle; FO, margin of fossa ovalis; Combined, two or
more breakthrough areas; CS, coronary sinus ostium; LA, left atrium.

5.4.2 Interatrial conduction assessed by MCG (IV, V)

In Study V, the MCG mapping method introduced in Study IV was applied to a larger
population comprising 107 patients with lone paroxysmal AF and 94 controls. All three
atrial MCG map patterns (MCG atrial wave types), each related to distinct interatrial
pathways, occurred in both groups, but in different proportions. The most common MCG
atrial wave type, both in patients and controls, was Type 1, and the next most common
was Type 2. In the patients, the Type 1 pattern was less common (54% vs. 67%) and Type
2 pattern more common (42% vs. 20%) than in controls; p = 0.001 for differenes in
distribution (Figure 19).
Overall, Type 1 atrial waves were related to a more vertical RA map orientation and

Type 2 to long Pd. In Type 3, Pd was short. The heart rate was similar in all types, and no
difference existed in use of ß-blockers. There was a trend toward a more common
appearance of Type 2 and 3 at an advanced age, but all map types occured also in those
younger. The types were not related to gender, and cardiac ultrasound variables were
similar in all groups (Table 8). In Type 1, the Pd was significantly longer in patients than
in controls, 109 ± 12 ms vs. 102 ± 11, p = 0.003. The main difference between patients and
controls was, however, different prevalence of MCG atrial wave types.
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Table 8. Clinical characteristics and MCG signal measures in study subjects (patients and
controls) allocated to subgroups according to MCG atrial wave types (V).

MCG atrial wave type
Number (%)

Type 1
121 (61)

Type 2
64 (32)

Type 3
15 (7)

p-value

Male 86 (71) 52 (81) 11 (73) n.s.
LVEDD (mm) 50 ± 6 51 ± 5 50 ± 6 n.s.
LVEF (%) 64 ± 7 63 ± 8 65 ± 7 n.s.
LA diameter (mm) 36 ± 6 37 ± 4 37 ± 5 n.s.
Age (years) 43 ± 13 47 ± 12 48 ± 17 n.s.
Heart rate (beats/min) 60 ± 10 60 ± 10 61 ± 7 n.s.
PR interval (ms) 157 ± 20 164 ± 24 152 ± 27 n.s.
P duration (ms) 105 ± 12 116±12** 101 ± 11 <0.001
RA map orientation (°) (CSD) 67 (31)* 49 (27)* 17 (48)* <0.01

Number (%) or mean ± SD or mean (CSD). Student’s t-test, Mann-Whitney U-test, analysis of
variance (ANOVA and Kruskal-Wallis test -test were used for statistics. Statistical
significance obtained with multiple comparison test when comparing subgroups according to
MCG atrial wave type: * = p<0.01, ** = p<0.001. LA, left atria; LVEDD, left ventricular end
diastolic diameter; LVEF, left ventricular ejection fraction; MCG, magnetocardiographic; RA,
right atria. Types 1, 2, and 3 refer to the classification based on pseudocurrent direction in the LA
magnetic field maps, each related to a distinct interatrial activation pathway.

Figure 19. Interatrial conduction pattern in patients with lone paroxysmal AF and in controls,
assessed by MCG atrial wave types. Type 1 is related to the Bachmann bundle, Type 2 to the
margin of the fossa ovalis or multisite, and Type 3 to the coronary sinus ostial connections. Type 2
was significantly more common in patients than in controls. (V)
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5.4.3 Right atrial activation (IV, V)

In Study IV, six RA maps were also examined. The first activation appeared at the
superior posterolateral area of the RA in four cases and lower at the lateral wall in two
cases; activation then spread predominantly downward left. The total RA activation time
was 81 ± 8 ms. Both atria were activated simultaneously for 49 ± 12% of the total atrial
activation time. In MCG maps, the pseudocurrent orientation during the first 30 ms of the
atrial complex, representing early RA activation, was also mostly downward left.
Correspondence between these two methods is illustrated in Figure 14.
In Study V, the pseudocurrent orientation during the first 30 ms of the atrial complex

was examined both in patients and controls. The activation wavefront was mostly leftward
down in both groups, mean angle 59° (CSD 30°) and 57° (CSD 37°), respectively (p = ns).
The orientation of RA maps in subgroups allocated in regard to MCG activation type is
presented in Table 8. The RA map orientation was more vertical in Type 1 than in other
types, mean angle 67° (CSD 31°) vs. 49° (CSD 27°) for Type 2 and 17° (CSD 48°) for
Type 3, p < 0.01.

5.4.4 Differences between competing P waves (IV, V)

In Study V, two frequent sinus P wave morphologies were analyzed in eight controls (8%)
and in eight patients (7%). The LA map type differed between these two sinus P waves in
all controls and in four patients. In all controls, one of the P waves was Type 1. In
patients, the P wave differences were similar to controls’ difference in two cases. Other
differences were different RA map orientation with the same LA map type (one case),
different LA map type with a similar RA map orientation (two cases), and differences in
Pd. The mean difference in RA map orientation between the two morphologies was 66°
(CSD 28°) in controls and 38° (CSD 24°) in patients, p = 0.05, suggesting that variation in
early RA activation may be a source of alteration in interatrial conduction (Figure 20). In
Study IV, the same two sinus P wave morphologies were mapped both during EAM and
MCG in two patients. In these cases, the LA map pattern was BB and multisite in one
patient, and BB and CS in another.
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Figure 20. Two different frequent sinus P waves in the same recording of a study subject. A:
ECG, B: Superimposed averaged P wave of all MCG channels included. C-E: Isovalue
pseudocurrent density maps representing (C) right atrial (first 30 ms), (D) initial left atrial (40-70
ms), and (E) later left atrial (last 50%) activation. Maps represent slightly tilted frontal plane
projections with a horizontal line from the subject’s right to left. Red-yellow areas correspond to
the top 30% of the pseudocurrent amplitudes, and their mean angle is indicated with yellow
arrows.

5.5 Association of signal patterns with clinical characteristics

5.5.1 Relation of MCG measures to echocardiography and AF history (II, V)

The Pd did not correlate with LA diameter (r = 0.14, n.s.). The QRS duration and LV end
diastolic diameter showed a positive correlation (r = 0.34, p < 0.01), and their magnitudes
were related to body size and in a manner more pronounced in men. In patients, Pd did not
correlate with height or weight (r = 0.18 and r = 0.12, respectively, n.s.). Length of AF
history did not correlate with Pd, LA diameter (Figure 21), or atrial RMS amplitudes.
None of these parameters differed between the patients who had AF episodes at least once
a week and those with less frequent episodes.

X

Y

Z

50º 36º 12º

X

Y

Z

A B C D E

0.2 mV 

100 ms

2 pT

100 ms

C
as

e 
1



71

0
20
40
60
80
100
120
140
160

0 5 10 15 20 25 30

Length of AF history (years)

LA
D
(m
m
)a
nd
P
d
(m
s)

0
20
40
60
80
100
120
140
160

0 5 10 15 20 25 30 35 40 45

Arrhythmia symptoms (years)

LA
D
(m
m
)a
nd
P
d
(m
s)

Figure 21. Relation of length of documented AF history (upper) and length of AF symptoms
(lower) to diameter of left atrium (LAD) and to P wave duration (Pd).
Pearson’s correlation coefficient for statistics; Pd vs. length of AF history r = 0.14, p = n.s., LAD
vs. length of AF history r = 0.19, p = n.s. (II).

5.5.2 Gender-related differences in atrial signal (II, V)

In controls the Pd was shorter and P wave amplitude was lower in women than in men. In
patients with lone paroxysmal AF, no such differences emerged. The QRSd was shorter,
and QRS amplitudes were lower in women among both patients and controls (II, V). Some
differences in atrial signal between patients and controls were more pronounced in
women, as shown in Table 9. The corrected QT time tended to be longer in women among
both patients and controls, but in controls, the T apex –T end interval was longer in men.
In women, the same variable was significantly longer in patients than in controls, 77 ± 9
vs. 70 ± 5 (p = 0.01).
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Table 9. Comparison of cardiac signal measures between patients and controls in men and in
women (II).

Males Females
Group AF patients Controls p-value AF patients Controls p-value
Number of subjects 61 61 n.s. 19 19 n.s.
Heart rate (beats/min) 60 ± 10 60 ± 8 n.s. 59 ± 8 62 ± 7 n.s.
PR interval (ms) 158 ± 24 161 ± 20 n.s. 151 ± 15 152 ± 18 n.s.
QRS duration (ms) 103±8*** 106 ± 9*** n.s. 91 ± 11 93 ± 8 n.s.
QTc (ms) 399 ± 24 394 ± 19 n.s. 407 ± 19 402 ± 22 n.s.
T apex – T end (ms) 80 ± 11 78 ± 10*** n.s. 77 ± 9 70 ± 5 0.01
P duration (ms) 110 ± 12 106 ± 12*** n.s. 108 ± 11 98 ± 6 <0.001
Pd/QRSd 1.07±0.12** 1.00 ± 0.11 0.002 1.21 ± 0.17 1.07 ± 0.12 0.005
Pd/PR interval 0.70 ± 0.08 0.67 ± 0.09 0.02 0.72 ± 0.07 0.66 ± 0.10 0.001
P area (fTms) 8800 ± 3500 8600 ± 3400** n.s. 7500 ± 3000 6000 ± 2500 n.s.
P RMS (fT) 96 ± 34 96 ± 36** n.s. 83 ± 36 73 ± 31 n.s.
P RMS40 (fT) 76 ± 26 78 ± 36 n.s. 72 ± 40 63 ± 32 n.s.

Number or mean ± SD. Student’s t- test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001
comparing male patients to female patients and male controls to female controls. fT, 10(-15)
Tesla; RMS, root mean square amplitude; PRMS, RMS over whole atrial complex; PRMS first 30,
RMS over first 30 ms of atrial complex; PRMS40, RMS over last 40 ms of atrial complex; QTc, QT
value corrected by Bazett’s formula.

5.5.3 Focal AF vs. non-focal AF (II)

Characteristics and signal measures in patient subgroups divided into focal and non-focal
AF are in Table 10. Compared to controls, patients with focal AF had longer Pd, larger
Pd/PR, and Pd/QRSd ratios and a longer T apex – T end interval. Patients also had normal
atrial RMS amplitudes. In the non-focal type of AF, Pd did not differ from that of controls.
Their late atrial RMS amplitudes were lower than in patients with focal AF or in controls
(Figure 18). The onset of AF was at an earlier age in the non-focal subset.
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Table 10. Clinical characteristics and MCG signal measures in patients with focal AF and non-
focal AF (II).

Focal AF
n = 58 (72)

Non-focal AF
n = 22 (28)

p-value

Males 43 (74) 18 (82) n.s.
Age at time of AF diagnosis 42 ± 10 33 ± 13 0.005
AF episode frequency
> once a week
1/week – 1/month

43 (73)
14 (24)

1 (4.5)
10 (45)

< 0.001

Heart rate (beats/min) 58 ± 10 64 ± 7 0.004
PR interval (ms) 155 ± 23 158 ± 20 n.s.
QRS duration (ms) 99 ± 11 * 102 ± 10 n.s.
QTc (ms) 401 ± 25 399 ± 17 n.s.
T apex – T end interval (ms) 80 ± 10 * 76 ± 11 n.s.
P duration (ms) 110 ± 12 ** 108 ± 9 n.s.
Pd/PR ratio 0.71 ± 0.08 *** 0.69 ± 0.07 n.s.
Pd/QRSd ratio 1.12 ± 0.15 *** 1.07 ± 0.13 n.s.
P RMS (fT) 98 ± 37 78 ± 21 * 0.003
P RMS first 40 (fT) 71 ± 27 72 ± 22 n.s.
P RMS40 (fT) 81 ± 31 59 ± 17 ** <0.001
LA map Type
Type 1 (BB)
Type 2 (FO/multisite)
Type 3 (CS)

32 (55)
23 (40)
3 (5)

14 (50)
7 (29)
1 (<1)

n.s
n.s
n.s.

Number (%) or mean ± SD. Student’s t- test. * = p < 0.05, ** = p < 0.01, *** = p <
0.001 comparing patient group to control group. AF, atrial fibrillation; fT, 10-15 Tesla; LA, left
atrium; Pd, duration of filtered atrial signal; P RMS, RMS over whole atrial complex; P RMS40,
RMS over last 40 ms of atrial complex; QTc, QT value corrected by Bazett’s formula; RMS, root
mean square amplitude.

5.6 SAECG measurements (II)

In SAECG, no differences appeared in the atrial signal or QRS complex durations between
patients and controls (Pd 115 ± 11 vs. 113 ± 14 ms, and QRSd 100 ± 11 vs. 103 ± 10,
n.s.). Parallel to MCG findings, the Pd/PR and Pd/QRSd ratios were larger in patients
(0.73 ± 0.08 vs. 0.69 ± 0.09, p = 0.02 and 1.15 ± 0.15 vs. 1.10 ± 0.15, p = 0.02), and a
trend appeared toward lower RMS40 values in patients with non-focal AF compared to
patients with focal AF (8.6 ± 3.5 vs. 10.5 ± 3.8 V, p = 0.05).
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6 DISCUSSION

6.1 Main findings

This study showed that MCG mapping is an accurate noninvasive method to detect atrial
electrophysiologic properties in patients with AF and in healthy subjects. Duration of the
high frequency component of the atrial magnetic signal, representing atrial depolarization,
and several parameters describing magnetic field strength during atrial activation could all
be measured automatically and with good reproducibility.
In patients with lone paroxysmal AF, duration of the atrial depolarization complex was

marginally prolonged. This difference was more obvious in women than in men and also
was related to the interatrial conduction pattern. In the focal type of AF, the atrial RMS
amplitudes were normal, but in AF without demonstrable triggers, the late atrial RMS
amplitudes were reduced. Moreover, we demonstrated that in paroxysmal lone AF the
atrial characteristics tended to remain similar, showing no progression, even over the
timespan of several years after the first AF episode.
The intra-atrial recordings confirmed the occurrence of three distinct sites of electrical

connection from the RA to LA: the BB, the margin of the FO, and the CS ostial area. High
inter-individual variation in these connections was indicated in patients with lone
paroxysmal AF. In almost a third of these patients the activation was propagated from the
RA to LA during SR via route(s) other than BB. The variability in interatrial impulse
propagation was reflected in atrial activation times.
Propagation of the atrial signal could be evaluated also non-invasively. In the time-

intervals representing RA and LA activation, the MCG pseudocurrent angle represented
the direction of propagation. Three types of atrial MCG maps were identifiable. The
correspondence of these types and LA breakthrough sites in EAM showed an accuracy of
93%.
All three MCG atrial wave types appeared both in patients with lone AF and in healthy

subjects, but in different proportions. The FO/multisite conduction maps were more
common in the patients. The activation type was reflected in the duration of the atrial
complex as also seen in invasive studies. In the activation pattern related to the BB
connection, duration in patients was longer. In the FO/multisite conduction type, the
duration was long both in patients and in controls.

.
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6.2 Measurement of atrial electrophysiological properties by MCG

6.2.1 Filtering techniques, detection of atrial depolarization time-interval

In this study, the high-pass filtering techniques commonly used in SAECG analyses were
adapted to investigate the MCG atrial signal. Determination of the onset and end of this
signal is the basis for several other signal measurements. The prolonged P wave per se is
also the most common signal abnormality related to AF. Until now only duration of the
non-filtered atrial wave has been reported by MCG (Winklmaier et al. 1998). In Study I, a
new algorithm to detect onset and end of atrial depolarization complex was created and
automated. The duration of the 40 Hz high-pass filtered atrial signal was 109 ms on
average, and its variation between measurements was 3.3%, or 3.5 ms in absolute units,
and was of similar magnitude in healthy subjects and in patients with paroxysmal AF. The
reproducibility of amplitude values was lower but still acceptable, the variation in RMS
amplitudes being less than 20%. In SAECG, Christiansen and coworkers (1996) found a
coefficient of variation of 6% for Pd and 23 to 36% for amplitude variables. In the present
study, the corresponding values in SAECG, determined with a method parallel to that for
MCG, were 6% and 13 to 17%.
In Study IV, the mean duration of atrial depolarization determined by MCG was 115

ms, by 3-ortogonal lead SAECG 116 ms, and by EAM 117 ms. The MCG values
correlated with EAM with r = 0.79, CV 5.1%, and the SAECG values with r = 0.62, CV
6.1%. When RA measurements were unavailable from some patients, onset of atrial signal
in EAM was then detected as the first deflection of simultaneous ECG. Onset of the P
wave in ECG may precede, coincide with, or follow the start of endocardial activation and
more, epicardial activation may precede endocardial activation (Cosío et al. 2004, Lemery
et al. 2007). The mean difference of -5 ± 6 ms, or larger, between the first measured
activation in the atria and the onset of the P wave in ECG has been reported (Lemery et al.
2007, Cosío et al. 2004)). Correspondence between SAECG Pd and whole atrial activation
time in EAM has shown a CV of 7% (Okumura et al. 2007).
Overall, the Pd values measured in this study are well in line with results obtained by

invasive studies (Markides et al. 2003, Betts et al. 2004, Lemery et al. 2004, 2007).
Compared to earlier ECG findings, the values in controls are in range of normal values of
the non-filtered P wave (Willems et al. 1985, Wang et al. 2002) and slightly shorter than
those obtained by filtered ECG (Erlich et al. 2001). This difference may be related to
filtering techniques, which widen the signal and thus prolong the durations with Simson’s
type algorithm (Simson et al. 1981). However, the commonly reported marked
prolongation of the atrial wave in SAECG (Fukunami et al. 1991, Abe et al. 1997) instead
reflects heterogeneous etiologies of AF in the cohorts studied.
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6.2.2 MCG mapping and surface gradient methods

This study demonstrated that the variation in impulse propagation routes from the RA to
the LA can be assessed non-invasively by MCG. Since the RA activation is relatively
stable during the later part of RA activation (Cosío et al. 2004, Lemery et al. 2007), the
alteration of signal wavefront during the middle and later part of the whole atrial
depolarization can reflect differences in LA activation. In the present studies, based on a
combination of pseudocurrent angles over early and later parts of LA activation, MCG
maps could be divided into three types by which the LA breakthrough site was correctly
identified in 29 maps, as the BB, CS, FO, or combined pathways in 27 (93%).
It has been suggested that the LA breakthrough site is reflected in the LA activation

pattern (Lemery et al. 2004, Markides et al. 2003, Betts et al. 2004, Cosío et al. 2004). In
our study, the LA activation fronts over the initial part of LA activation differed
significantly between BB, CS, and FO conduction pathway subgroups. However, the FO
activation route, solitary or in combination, could not be clearly distinguished based on
initial LA activation alone. When the information over the latter half of the atrial complex
was combined with that of initial LA, the maps could be divided into three types, each of
which suggested certain breakthrough sites. These types were specific to activation via BB
and CS, but the activation via the margin of the FO seems to create a less distinct
activation pattern. Since the FO was involved in most of the cases in the combined group,
activation via the FO might confound assessment of conduction via the BB. The findings
are comparable to those of an orthogonal ECG, by which the single route activation via the
FO could not be separated from multisite activation including this pathway (Holmqvist et
al. 2008). It is also possible that the CS conduction may be masked by simultaneous
conduction via the BB route, as suggested in the study of Holmqvist and coworkers
(2008).
The capability of magnetic field orientation to detect the interatrial conduction pattern

has not as yet been evaluated. Yamada and coworkers (2003) studied seven patients with
counterclockwise atrial flutter using a tangential-component MCG method (equivalent to
the pseudocurrent transformation). In all patients during atrial flutter, they observed a
circular pseudocurrent pattern suggesting circular re-eantrant activation in the atria. An
analogous counterclockwise activation of the myocardium was evident in invasive
electrograms as well. These findings were repeated by Nakai and coworkers (2005).
Some recent works have used interpolation of the current density maps (Kim et al.

2007), or an independent component of a multichannel magnetic field signal (Nakai et al.
2005), on a 3-dimensional heart model. However, the 2-dimensional presentation of the
pseudocurrent angle utilized in this study (Cohen et al. 1976, Haberkorn et al. 2006),
seems adequate to represent the main direction of electrical signal propagation. The
method does not require construction of a source or volume conductor model for the
cardiac activity; thus, a solution to the ill-posed inverse problem is unnecessary. These
findings support the concept that a 2-dimensional pseudocurrent map can provide an
estimate of the summation of real 3-dimensional atrial currents and their temporal
propagation (Cohen et al. 1976, Haberkorn et al. 2006).
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6.2.3 Comparison between MCG and ECG

In the present study, atrial signal duration and the RMS amplitudes of the first portion of
the atrial complex correlated between MCG and ECG both in patients and in controls with
coefficient r = 0.61 to 0.66. The correlation in RMS amplitudes of the last atrial portion
was at the same magnitude in controls, but only a weak or no correlation appeared in
patients (r = 0.16 to 0.38). Similar relations, r = 0.57 for duration and r = 0.24 for RMS
amplitude of the last portion of QRS complex, were found earlier concerning QRS
analysis in myocardial infarct patients (Korhonen et al. 2002).
Our study showed a trend toward similar signal characteristics as being provided by

the ECG and MCG techniques, but differences between AF patients and controls were
more obvious by MCG. In the study of Winklmaier and coworkers (1998), the P wave
duration was longer and fragmentation index was higher in AF patients than in controls by
MCG, but no significant difference was seen by ECG. The MCG has been accurate also in
detecting a ventricular arrhythmia substrate even when SAECG findings have been normal
(Oikarinen et al. 1998, Korhonen et al. 2000, 2006).
The observed positive but not complete correlations both between atrial variables and

between QRS variables obtained by MCG and by ECG are even surprisingly similar and
probably reflect basic differences between these methods (Siltanen 1989). Recently 3 P
wave morphologies derived from 12-lead ECG were compared to LA breakthrough sites
in EAM (Holmqvist et al. 2008). The Type 1 morphology was related to conduction via
the FO alone or combined with BB or CS conduction, and Type 2 to conduction via the
BB alone or combined with conduction via the CS connection, and Type 3 to conduction
via the CS connection alone. Agreement among these three categories with EAM was
89%. The corresponding activation patterns of these ECG types are nearly the same as
emerged in our MCG study showing 93% agreement with EAM. Whether the atrial wave
types obtained by MCG and by the ECG covariate remains to be verified.
The complementary nature of MCG and ECG is shown by the fact that both methods

yield, with some exceptions, the same information. Although MCG may reveal
abnormalities not detectable by the ECG techniques explored thus far, the observations in
MCG studies encourage the improvement of computational analysis of data acquired by
standard or modified ECG lead sets, as well (Edenbrandt et al. 1988, Carlson et al. 2005,
Holmqvist et al. 2008). The combination of these two methods may also prove valuable.

6.3 Signal patterns in patients with paroxysmal AF

The duration of the atrial depolarization complex in our patients with lone paroxysmal AF
was only slightly prolonged. The mean values of 109 to 119 ms are consistent with the
invasively measured durations of atrial depolarization in lone AF patients (Markides et al.
2003, Betts et al. 2004, Lemery et al. 2004, 2007). The prolongation was more obvious in
women than in men and was also related to the LA activation pattern. Some gender
differences in P wave duration have been apparent also in ECG studies (Erlich et al. 2001,
Dhala et al. 2002), but were not investigated specifically in lone AF patients.
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In contrast to some earlier SAECG studies (Fukunami et al. 1991, Abe et al. 1997), we
showed that the atrial filtered signal amplitudes in lone AF patients are mostly normal.
Yet, in patients without demonstrable focal triggers, the signal amplitudes of late atrial
complex were reduced. This conforms to invasive measurements in patients undergoing
catheter ablation of AF in which only a minority show reduced signal amplitudes in their
LA (Verma et al. 2005).
In this study, both Pd/PR and Pd/QRSd ratios were higher in patients than in controls.

The increased Pd/PR ratio has been related to enlargement of the LA (Chirife et al. 1975),
but also to fibrosis in the LA in AF patients without correlation with LA size (Scott et al.
1983). The increased Pd/PR as well as Pd/QRSd ratios, which are relatively prolonged Pd,
may be markers of the atrial process and altered conduction into or within the LA also
when the Pd stays inside the normal range.
In paroxysmal lone AF, this study could show no common, non-invasively measured

abnormality in atrio-ventricular conduction or in ventricular depolarization or
repolarization. This supports the fact that the abnormal conduction is confined to the atria
and is not a generalized feature of the cardiac tissue. However, a trend emerged toward a
longer Tapex–Tend interval in AF patients, particularly in women. Prolongation of the
Tapex–Tend interval has been related to ventricular arrhythmias in patients with
cardiomyopathy and genetic sarcolemmal ion channel abnormalities, some of which are
also involved in pathogenesis of AF (Korhonen et al. 2001, Fatkin et al. 1999, Schwartz et
al. 2001, Chen et al. 2003).

6.4 Atrial conduction in patients with AF and in healthy subjects

Alterations in conduction and in refractoriness are related to AF genesis (Zimmermann et
al. 1998, Kumagai et al. 1991, O’Donnell et al. 2002). Impaired interatrial conduction has
been demonstrable in patients with paroxysmal AF, and it has been suggested that the
impulse propagation between the RA and LA can be important in sustaining AF
(O’Donnell et al. 2002, Khaja and Flaker 2005). Overall, interatrial conduction has been
addressed in eight studies using LA mapping (Table 1), including a total of 136 patients.
Most of these studies report conduction over the BB during SR in the vast majority of
these individuals (Hindricks et al. 2001, De Ponti et al 2002, Lemery et al. 2004, 2007),
but other preferential route(s) have also emerged (De Ponti et al. 2002, Lemery et al. 2007,
Holmqvist et al. 2008). An inferior route or connection at the area of the FO margin may
serve as the predominant route for signal propagation from the RA to LA (Markides et al.
2003, Betts et al. 2004, Holmqvist et al. 2008), suggesting that the importance of the BB
may have been overestimated.
Only a few subjects without AF have been included in atrial mapping studies. The

same interatrial conduction pathways exist also in these patients, the BB being the most
usual (Smeets et al. 1998, De Ponti et al. 2002). The pattern of interatrial conduction in
totally healthy subjects is unknown and cannot be examined invasively, because invasive
LA mapping is associated with a small but real risk for complications and should not be
performed without a clinical indication.



79

In this study, the signal propagation from RA to LA was investigated both invasively
and non-invasively. Study III is the largest invasive study thus far assessing interatrial
conduction patterns in patients with paroxysmal AF without advanced heart disease. In
Study V, the atrial activation pattern was assessed non-invasively, and the activation
pattern was examined also in healthy subjects.

6.4.1 Invasive assessment of connections to the left atrium

Our intra-atrial recordings in paroxysmal AF confirmed the occurrence of three distinct
sites (the BB, the margin of the FO, and the CS ostial area) of electrical connection from
the RA to LA and the high inter-individual variation in these connections. In concordance
with earlier studies (Hindricks et al. 2001, DePonti et al. 2002, Lemery et al. 2004, 2007,
Holmqvist et al. 2008) most patients showed conduction via the BB, either as the solitary
route or in combination with other routes. However, a considerable minority of patients –
one-third – showed no LA activation via the BB route. This is supported by an earlier non-
contact mapping study in which the BB route was not manifested in 12 of 19 patients
(Markides et al. 2003) as well as by post-mortem anatomic studies in which the BB was
not seen in up to half the AF patients or controls (Mikhailov and Chuckbar 1982, Platonov
et al. 2002). Here, the preferential pathways were the margin of the FO, the next most
common route, and the CS.
Activation of the LA via multiple conduction pathways occured in approximately one-

third of our patients, in the range reported earlier (Holmqvist et al. 2008, Markides et al.
2003). In these cases, FO was involved at least as often as BB. Impulse propagation via
the CS connection as a solitary or combined route occurred in approximately one-fourth of
the patients, but as a single route only in fewer than 10%. In two of our patients, two
activation routes alternated during recording, indicating that temporary factors can modify
the conduction pattern. A shift in endocardial LA breakthrough site was demonstrated also
by Markides and coworkers (2003).

6.4.2 Atrial activation times and interatrial conduction

The durations of whole atrial activation and LA activation measured in the present study
were comparable with durations reported by Lemery and coworkers (2004) in AF patients
treated with catheter ablation, and were slightly longer than the duration of LA activation
reported by Markides and coworkers (2003) in lone AF patients. The LA activation started
at 34 to 36 ms on average in Study III and IV, similar to that in earlier observations
(Markides et al. 2003, Lemery et al. 2004, 2007, Cosío et al. 2004).
The variability in interatrial impulse propagation also affected atrial activation times.

Prolongation of LA activation without any delay in interatrial conduction was
demonstrable in the FO/multisite conduction pattern. In the BB conduction pattern,
prolongation of interatrial conduction was common, but the LA activation time was rather
short. (III, IV)
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The extent and location of connecting fibers and differences in conduction velocities in
these pathways or within the atria or both may explain this finding. It is also possible that
a conduction block need not be present in the BB, when other propagation routes are being
used. In addition to interatrial conduction impairment, areas of conduction block in LA
occur (Markides et al. 2003, Betts et al. 2004). This impaired conductivity can be
explained by an anisotropic conduction between the muscle strands or by possible fibrotic
or inflammatory changes (Betts et al. 2004, Frustaci et al. 1997).

6.4.3 Noninvasive assessment of interatrial conduction

Study V applied an MCG mapping method in a larger population comprising patients with
paroxysmal lone AF and healthy subjects. Based on the relationship of the three
predefined MCG map types to interatrial conduction pathways, the signal propagation in
AF patients was consistent with observations in present and earlier invasive studies
(Hindricks et al. 2001, DePonti et al. 2002, Markides et al. 2003, Lemery et al. 2004,
2007, Holmqvist et al. 2008). The majority of the patients had an MCG atrial wave type
related to BB conduction; a significant minority had a wave type of FO/multisite
conduction, and the CS type appeared in a few cases. All activation patterns appeared in
healthy controls, as well. FO/multisite conduction maps were more common in patients
than in controls.
In concordance with the invasive studies, the activation pattern was reflected in

duration of the atrial depolarization complex. The longer P wave in patients was most
obvious in the activation pattern related to the BB conduction route and linked to the
FO/multisite conduction pattern. A prolongation of Pd over 120 ms was seen in 29% of
the patients and 12% of the controls. In two-thirds of the patients and in half the controls
this finding was related to an altered activation wavefront during the latter half of the atrial
depolarization. This MCG signal pattern has similarities to the description of advanced
interatrial block in ECG, i.e., Pd 120 ms and a biphasic P wave in inferior leads (Bayes
de Luna 1985). In our MCG study, the activation pattern represented not CS conduction
alone as presented in interatrial block in ECG (Waldo et al. 1971, Castillo et al. 1973,
Bayes de Luna et al. 1988). In a recent vectorcardiographic study, the presence of biphasic
P waves in the orthogonal Z-lead was related to conduction via the BB, with or without
simultaneous conduction via the CS, but not to CS conduction alone (Holmqvist et al.
2008).

6.4.4 Right atrial activation

In electroanatomic maps, the first activation in RA was seen at the superior posterolateral
area of the atrium or lower at the lateral wall, and activation then spread predominantly
downward to the left as reported earlier (Cosío et al 2004, Lemery et al. 2007). The total
RA activation time was about 80 ms, similar to that of previous studies (Smeets et al.
1998, DePonti et al. 2002, Cosío et al. 2004, Lemery et al. 2007).
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In MCG, the pseudocurrent orientation during the first 30 ms of the atrial complex,
representing early RA activation, was from horizontal leftward to vertically down, and in
5% of cases the map orientation was upward or rightward, again in line with other studies
(Smeets et al. 1998, DePonti et al. 2002, Cosío et al. 2004, Luo et al. 2003, Lemery et al.
2007). On average, the RA map orientation was more vertical in the BB type interatrial
connection than in other types (margin of FO, CS connection or multisite), indicating that
the activation pattern of RA contributes to the choice of interatrial pathway. This
corresponds to routes of the fastest propagation directed by atrial gross anatomy
(obstacles) and myoarchitecture (Wang et al. 1995).

6.4.5 Competing P waves

In about 8% of subjects, two sinus activation patterns alternated during recording,
indicating that temporary factors can modify the atrial activation sequence (IV, V). These
findings confirm that impulse origin can affect propagation route from the RA to LA
(Gomes et al. 1987, Boineau et al. 1988, Roithinger et al. 2003, Markides et al. 2003), but
also that the LA activation front can vary despite similar RA activation.

6.4.6 Relation of interatrial conduction to AF

Prolonged P wave and particularly the advanced IAB (Bayes de Luna 1999), as well as
biphasic P waves in the orthogonal Z lead (Platonov et al. 2000) have been associated with
a history of or high risk for atrial tachyarrhythmias. LA pacing studies have demonstrated
increased and more heterogeneous refractoriness and more pronounced lengthening of
conduction times in the BB, CS, and LA in patients with AF than in controls (O’Donnell
et al. 2002). Measurements with high-density electroanatomical mapping in the proximal
CS during SR have revealed a lower conduction velocity in patients with paroxysmal AF
than in those without (Xia et al. 2004). Histologically, the absence of any prominent BB
connection has been similar in cases with and without any AF history (Platonov et al.
2002), but fibro-fatty degeneration of the BB has been more common in patients with a
history of AF (Becker 2004).
In our study, the prolongation of atrial depolarization in BB-type conduction as well as

the more common appearance of the FO/multisite conduction pattern, were related to a
history of paroxysmal AF. These findings confirm that the absence, block, or delay of BB
connection is more common in AF patients than in controls, and that the most common
alternative conduction pattern is the connection via the margin of the FO or propagation
via multiple pathways. These results could be interpreted thus: Not only altered
conduction as such but also collision of electrical impulses via different routes may
underlie AF generation. Propagation of activation in the LA along several fronts may lead
to inhomogenous refractoriness and functional conduction blocks (Markides et al. 2003),
thus creating a milieu favoring re-entrant arrhythmias. Hence an ectopic beat or the
collision of activation fronts per se could then initiate AF. A parallel mechanism has been
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suggested to explain the appearance of AF in WPW syndrome patients with
atrioventricular accessory pathways (Iesaka et al. 1988).

6.5 Relation of signal patterns to characteristics of AF

6.5.1 Clinical characteristics

In the present study, the majority of the patients had lone paroxysmal AF. They were
relatively young, but had already suffered frequent symptomatic arrhythmia episodes over
several years. A focal type of AF has been related to AF appearing at an early age
(Haissaguerre et al. 1998, Pappone et al. 2001). Observations in this study suggest that
lone AF without demonstrable focal triggers starts even earlier than the focal type of AF.
Also demonstrable was that patients with the most frequent AF episodes or the longest AF
history did not show more atrial signal modification than did those with a history of lower
AF burden. Selection bias may have excluded patients who had progression to permanent
arrhythmia, but these results nevertheless confirm that paroxysmal AF does not
necessarily lead to structural changes and altered conductivities in the atria. This is in line
with prospective observations that progression from the paroxysmal to the permanent form
is less common in lone AF than in AF in heart disease (Scardi et al. 1999, Osranek et al.
2005, Jahangir et al. 2007). Though in lone AF slight enlargement of the LA seems to be
common, the majority of the patients showed no progression despite frequent episodes of
AF or even permanent AF (Osranek et al. 2005, Sitges et al. 2007). Supporting animal
studies have shown that atria subjected to rapid atrial pacing develop AF; however, if
protected from heart failure and increased left ventricular filling pressure, these atria do
not exhibit enlargement or the heart failure-associated pathological changes in AF (Ausma
et al. 1997, Li et al. 1999).

6.5.2 Gender-related differences

In this study, three-fourths of the patients were men. In general, the absolute number of
men and women with AF is equal, but the incidence of the arrhythmia, particularly at an
early age and of lone AF, is higher in men (Ruigomez et al. 2005, Goudevenous et al.
1999). AF appears about 5 years later in women than in men (Rienstra et al. 2005). Our
study revealed a difference for lone paroxysmal AF even greater: about one decade. The
mean time from first symptoms to diagnosis, about 5 years, was similar in both genders,
arguing against later recognition of AF in women. This is supported also by recent
findings that women with AF tend to be more symptomatic than men (Humphries et al.
2001, Patton et al. 2005). Compared to men, women with lone AF have undergone
pacemaker implantation more frequently and are more likely to have a history of a
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rheumatologic disorder (Patton et al. 2005). The outcome of AF has also been worse in
women (Benjamin et al. 1998, Stewart et al. 2002), for reasons that are unclear.
This study showed that in women with paroxysmal lone AF, prolongation of the atrial

depolarization signal is more obvious than in men. This was mostly because among
controls the Pd was shorter in women, but in patients it was close to that of male patients.
A parallel difference also appeared in atrial signal amplitudes. This may be related to
gender differences in presentation of AF, that is to say, normal female atria may be less
vulnerable to AF unless some additional pathologic process develops. Gender-related
differences in atrial signal in healthy subjects have been demonstrated by Erlich and
coworkers (2001), Dhala and coworkers (2002), Havmöller and coworkers (2007). Some
differences between male and female atria may even be linked to hormone balance (Liu et
al. 2004, Tse et al. 2001). Whether that is related to the signal findings observed in this
study remains to be examined.

6.5.3 Focal AF versus non-focal AF

This study classified the majority of the patients as having focally triggered paroxysmal
lone AF, in line with earlier reports (Haissaquerre et al. 1998, Todd et al. 2000). No
common definition fits focal AF and, indeed, PACs may serve as initiators in most cases
of paroxysmal AF (Hoffmann et al. 2006). It may, however, be relevant to separate
patients with a frequent occurrence of triggering arrhythmias from those without. It is
suggested that the former require more triggers to initiate AF, whereas in other patients the
atria are more vulnerable, and less triggering is sufficient to initiate AF (Lewalter et al.
2006, Yang et al. 2006). Two or more PACs during the 5 minutes preceding AF onset
have been the criteria to select patients for specific PAC-suppression treatments (Lewalter
et al. 2006). The preliminary results with this method have been better than in non-
selected patients, but still fewer than half these patients show a decrease in AF burden
during the treatment, and only 26% have been good responders. The results suggest that in
these patients mechanisms other than active triggers also may be crucial for AF.
Frequent AF episodes, slight prolongation in atrial depolarization time and preserved

atrial signal amplitudes were, in our study, characteristic of focal AF. In AF occurring
without demonstrable triggers (non-focal AF or perhaps better, substrate AF), the LA
depolarization signal was reduced. This may reflect an arrhythmogenic substrate in the
LA, which in turn may be due to inflammation, cardiomyopathy, or fibrosis, all of which
have been observable histologically also in lone AF (Boldt et al. 2004, Frustaci et al.
1997). These results raise the possibility that the atrial signal patterns could be useful in
assessing the role of focal triggers in genesis of AF in individual patients.
An interesting finding was that particularly in those patients who did not demonstrate

triggers, the onset of AF was at an early age, 33 ± 13 vs. 42 ± 10 years. The active triggers
have been considered a common mechanism in lone paroxysmal AF starting early
(Haïssaguerre et al. 1998). The present study does not disagree with this, but the main
arrhythmia mechanisms in those with the earliest onset of AF might indeed differ.
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6.6 Methodological considerations

6.6.1 Patient selection

Patients were screened from among those referred to a tertiary hospital due to
symptomatic paroxysmal AF. In Studies III and IV, the patient group involved only those
selected for invasive catheter ablation, meaning that the group was already pre-selected as
one with resistance to medical therapy or with clinical symptoms causing disability. It is
possible that some of these patients had conductive properties in the AV node such that
they were more susceptible to suffering from rapid, symptomatic heart rates.
In Studies III and IV, a great proportion of patients eligible for the study had to be

excluded, because during the mapping procedure they developed atrial fibrillation or bouts
of atrial ectopic beats or tachycardia. In Study IV, some otherwise eligible patients were
excluded because MCG was unavailable before ablation, or patients were not in SR during
MCG measurement. Because only patients without, or those capable of discontinuing
antiarrhythmic medication, were included in Studies II and V, it is possible that patients
extremely vulnerable to AF were excluded. In Studies III and IV, antiarrhytmic
medication was allowed. The possible effect of the medication on atrial measures remains
to be verified.
Patient selection criteria in these studies included fewer women than men, as is true for

other studies comprising mostly patients with the lone paroxysmal type of AF. Because of
an age difference also existing between the women and men, some contribution of age to
cardiac signal may have confounded the results. However, the duration of arrhythmia
history was similar in both genders, and the controls were matched for age and gender.
Due to patient selection, these observations may not be applicable to broader lone AF

patient cohorts. It is also obvious that the findings cannot necessarily be extrapolated to
patients with structural heart disease.

6.6.2 AF characteristics

The measures of the length of AF history and frequency of symptomatic AF paroxysms
are only approximations, due to the necessity to rely on retrospective data. The definition
of focally triggered AF was based on 1 to 2 days of ECG recording, which may not be
sufficiently reproducible to allow firm characterization of any individual patient.

6.6.3 MCG and EAM techniques

The late RMS values measured in this study, particularly long time-sequences like 40 ms,
represent LA depolarization rather than after-depolarization and late fields/potentials,
which also may be involved in the genesis of AF.
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The band pass frequency in fragmentation analyses was 37 to 90 Hz. This method has
been successful in detecting a propensity to ventricular arrhythmias (Korhonen et al.
2001). Since the significant harmonics of a fractionated atrial signal appear at from 38 to
137 Hz and up to 250 Hz (Pachon et al. 2004), a wider frequency zone might have been
more appropriate for the atrial signal.
The correspondence of electroanatomic and MCG maps was examined in patients with

relatively normal hearts and highly symptomatic paroxysmal AF. In these patients, the
conductive properties may differ from healthy subjects’ and from those whose AF is
associated with heart disease. The time-windows for MCG map analysis may need
adjustment to cover the intended atrial compartments in markedly enlarged atria. The
influence of scars on MCG maps could not be evaluated in this patient series mostly
without structural heart disease.
The local representativeness of recorded intracardiac signals is crucial for construction

of the maps, especially around the postulated pathways. Registering potentials can be
technically challenging in the interatrial septum due to far-field potentials from nearby
structures. In Study IV, because the number of patients in conduction subgroups was
small, the performance of the MCG technique needs testing in larger populations. Due to
the necessity to rely on visually observed direction of signal propagation in EAM, the
authenticity of direction of atrial activation determined by MCG mapping could not be
ensured. This information, however, is unnecessary for validation of the ability to identify
interatrial conduction patterns.

6.7 Applicability of the results and clinical implications

Male dominance, particularly in paroxysmal AF appearing at an early age, is well
established (Goudevenos et al. 1999), but the reasons for it are unclear. In healthy
subjects, as well as gender-related differences in the QRS complex and T-wave, there exist
gender-related differences in atrial signal. Patients with lone paroxysmal AF presented
with differences in the QRS and T-wave parallel to those of controls, but not in the atrial
complex (II, V). Slight prolongation of the atrial depolarization complex observed in the
whole study population was marked in female patients. The explanation for these signal
findings is unclear and remains to be further investigated. However, the results raise the
possibility that variables such as Pd per se or the Pd/QRSd ratio may have good predictive
power for AF in women.
The distinct signal patterns observable in patients with the focal and non-focal types of

AF support the concept of the heterogeneous pathogenesis of lone AF. The atrial signal
patterns may aid in assessing the presence of atrial substrate and active triggers. These
findings also encourage the use of signal analyses, MCG or ECG, as well in further
studies in order to define subclasses of AF. The fragmentation analysis or QRS-T analysis
which did not reveal differences in this study may prove valuable in some other settings.
Furthermore, other variables, such as atrial late fields, may prove useful. Recognizing
subclasses of AF could help in identifying subgroups for more individual treatment(s).
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Experimental and clinical works have demonstrated that AF resistant to PV isolation
can be terminated, by modifying interatrial connections by ablation. For the treatment of
AF in some patients, catheter ablation of the RA septal region (Gaita et al. 1998) and CS
connections (Haissaquerre et al. 2007) or transsection of the anterior LA (Sanders et al.
2004) have been effective. Ablation of CS and FO areas has altered inducibility to AF in
an animal model (Ott et al. 2007). Conflicting results in studies using pacing suppression
of AF (Platonov 2007) may be related within study cohorts to differences in lead locations
and in interatrial conduction patterns. Knowledge of atrial conduction pathways may have
an impact in refining methods for ablation treatment in patients with paroxysmal AF.
Recognition of the interatrial conduction pattern may assist in understanding the
pathogenesis of AF and allowing patient-tailored therapy. Whether conduction patterns
more common in paroxysmal AF patients are predictive of future appearance of the
arrhythmia remains to be examined.
The computerized algorithm improves our ability to detect onset and end of the atrial

complex in both MCG and ECG data. The amplitude variables utilized showed lower but
acceptable reproducibility, and these variables can also serve in future research. The
detection of MCG atrial wave types, each related to a distinct interatrial conduction
pathway, offers potential for identification the interatrial conduction pattern in differing
experimental and clinical settings, and also in large patient populations and in healthy
subjects, which is impossible with invasive techniques.
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7 CONCLUSIONS

“Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end
of the beginning.”

Sir Winston Churchill (1874-1965)

Based on the results of this study, the following conclusions can be drawn.

MCG is a potentially useful non-invasive method to examine atrial electrophysiology
in clinical studies. MCG is complementary to ECG and may reveal abnormalities not
detectable by any ECG techniques explored thus far. MCG mapping is capable of
identifying various activation breakthrough sites in the LA during SR with adequate
accuracy. The method is potentially applicable for assessing interatrial conduction also in
large patient series and also in healthy subjects in which invasive measurements are
impossible.
In paroxysmal lone AF, active focal triggers are common, atrial depolarization is

slightly prolonged, the depolarization amplitude is normal, and the arrhythmia does not
necessarily lead to electrical or mechanical dysfunction of the atria even several years
after the first AF.
Prolongation of atrial depolarization is more obvious in women. This may be related to

gender differences in presentation of AF, that is to say, normal female atria may be less
vulnerable to AF unless an additional pathologic process develops.
A significant minority of patients with lone paroxysmal AF lack frequent focal

triggers, and in them the late atrial signal amplitude is reduced, signifying possibly a wider
degenerative process in the LA. In these patients, the atria may be more vulnerable and
fibrillate with less provocation than in patients with the focal type of AF.
In patients with structurally normal hearts and paroxysmal AF, the natural impulse

propagation from the RA to LA during SR goes through one or more of the previously
described principal pathways. BB is the most common route between the atria, but in one-
third of patients the electrical impulse is propagated outside the BB. Variation in the
propagation routes is reflected in atrial activation times.
High inter-individual variation in right to left conduction occurs both in patients with

lone AF and in healthy subjects. Susceptibility to paroxysmal lone AF is associated with
propagation of the atrial signal to the LA via the margin of the FO or via multiple
pathways. When conduction occurs via the BB, it is related to prolonged atrial activation.
It seems likely that not only slow conduction but collision of electrical impulses via
different routes may underlie AF generation.
The variation in genesis of lone paroxysmal AF may be reflected in the atrial signal

pattern. Recognition of distinct signal profiles may assist in understanding AF
pathogenesis. Whether this will be useful in identifying subgroups for patient-tailored
therapy remains to be examined.
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