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General introduction
Roeliene Starreveld

Chapter 1

Atrial ﬁbrillation (AF) is the most common sustained cardiac arrhythmia affecting
worldwide about 33.5 million individuals1. Its exact pathophysiology, however,
remains incompletely understood and there still is no curative therapy. AF occurs
when a chaotic pattern of rapid electrical activity in the atria suppresses or replaces
the normal sinus mechanism, resulting in ineffective rapid atrial contractions and
a nearly 5-fold increased risk of stroke2, 3. Unfortunately, treatment modalities for
AF such as anti-arrhythmic drug therapy, electrical cardioversion and ablative
therapy are only moderately effective and frequently exhibit high AF recurrence
rates. This chapter introduces the challenging world of AF, including its etiology and
the search for optimal treatment strategies.

The growing epidemic of atrial ﬁbrillation
Risk of developing AF strongly increases with age (Figure 1) and the presence
and severity of underlying heart disease, particularly congestive heart failure and
valvular disease.4

Figure 1 – The increasing incidence of atrial ﬁbrillation with age. The plot shows the cumulative incidence of atrial ﬁbrillation per 1,000 person-years in men (blue line) and women
(red line), with the respective 95% conﬁdence intervals (shaded areas), as reported in a large
Dutch cohort study. Modiﬁed from Vermond et al.5

Due to the constantly increasing life expectancy worldwide, incidence of AF has
progressively increased in the past decades. Currently, men and women of 40 years
and older have a risk of about 25% of developing AF during their life.6 Worldwide
prevalence of AF in persons aged 60 to 65 years is about 1% and increases up to
10
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10% in persons older than 80 years.4 Based on projections, it is estimated that the
total number of AF patients in the Netherlands will rise to approximately half a
million in 2050 (95% CI: 0.42-0.74), with more than 75% being 75 years and older.7
Though not conﬁned to any limitations, AF is more prevalent in men than in women
(age-adjusted prevalence of 5.96 per 1000 versus 3.73 per 1000, respectively1)
and in obese patients than in non-obese patients (3.8-5.8% excess risk of AF for
every unit of body mass index (BMI) increase8). About 25% of patients undergoing
bypass surgery and 40% of patients undergoing valvular surgery develop newonset AF.9 Commonly associated conditions furthermore include hypertension,
diabetes and sleep-disordered breathing.4 All these numbers clearly evince the
growing epidemic of AF and emphasize the need for a better understanding of
its pathophysiology.

Atrial ﬁbrillation: chaos above order
In normal heart rhythm, electrical activation of the heart is initiated at the sinus
node in the right atrium with rates between 60 and 100 per minute, and regularly
spreads through the atrial myocardium towards the atrioventricular (AV) node
and via the His-Purkinje ﬁbers to the ventricles of the heart. During AF there is no
coordinated electric activity, as multiple areas of atrial myocardium depolarize
simultaneously and independently, with rates up to 600 times per minute (Figure 2).
Propagation towards the ventricles of the heart is reduced by the AV node, yet the
ventricular rate can be more than 200 times per minute. Diagnosis of AF entails a
surface electrocardiogram demonstrating continuous atrial activation (no distinct
p-waves) and irregular ventricular rate (R-R interval).
Symptoms commonly accompanying AF are high resting heart rate, irregular
palpitations, dizziness, shortness of breath, decreased exercise intolerance and/
or chest pain. Nevertheless, some patients lack any symptoms while having AF and
can remain undiagnosed for years (so-called ‘silent AF’). In contrast to ventricular
arrhythmias, AF usually only has little negative hemodynamic effect and short-term
prognosis of AF is therefore rather good. On the long-term however, the rapid heart
rates and ineffective atrial contractions during AF can cause heart failure and stasis
of blood provoking stroke, leading to an increased risk of all-cause mortality.3, 10 To
reduce clotting of blood, AF patients with additional risk factors for stroke, such as
age ≥ 65 years, history of heart failure, hypertension, stroke, vascular disease or
diabetes are required to use oral anticoagulants.11, 12

11
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Figure 2 - Electrical conduction in normal sinus rhythm and during atrial ﬁbrillation. Upper
panel: during sinus rhythm (left), electrical activity is regularly initiated at the sinus node
and spreads through the right atria towards the AV node and via the His-Purkinje ﬁbers
towards the ventricles of the heart. Activation of the atria during atrial ﬁbrillation (right) is
chaotic due to abnormal impulses within both atria, and consequently activation of the
ventricles is distorted. Lower panel: rhythm registration of sinus rhythm (top) with p-waves
and a regular R-R interval. The rhythm registration during atrial ﬁbrillation (bottom) shows
no distinct p-waves and an irregular R-R interval.

In most patients, AF progresses from short, infrequent and self-terminating episodes
to longer and more frequent episodes that require intervention to terminate the
arrhythmia. Four clinical proﬁles are commonly used to distinguish the different AF
patterns according to duration of AF episodes: (1) paroxysmal AF: AF that terminates
spontaneously or with intervention within seven days of onset; (2) persistent AF:
AF that persists beyond seven days; (3) long-standing persistent AF: continuous
AF lasting for more than 12 months; (4) permanent AF: presence of AF that is
accepted by the patient and physician and for which no further attempts are taken
to restore sinus rhythm.12, 13 In general, success rates of therapy gradually decline
with progression of AF. Primarily in symptomatic, paroxysmal AF patients, initially a
rhythm control strategy is chosen aimed at restoring and maintaining sinus rhythm.
This strategy ﬁrstly combines anti-arrhythmic drug therapy with medication that
lowers the heart rate. If this fails to restore sinus rhythm, electrical cardioversion is
used to reset the heart to its regular rhythm. Usage of pharmacological therapy
is impeded by severe side effects, such as nausea, dizziness, headache, visual
12
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blurring and gastrointestinal conditions, as well as proarrhythmogenicity.14 In
addition, AF recurs within one year in up to 70% of patients while on anti-arrhythmic
medication14 and in up to 67% of patients after electrical cardioversion15. Since
Haïssaguerre in 1998 ﬁrstly described triggers in the pulmonary veins initiating
AF16, catheter ablation eliminating such ectopic activity by freezing or burning has
found widespread use. Ablative therapy seemed promising, but many patients
still have recurrences or require multiple ablation procedures. After a single
procedure, AF recurs in about 35% of patients within one year, in 44% of patients
within three years and in 49% of patients within ﬁve years, in comparison to 14%,
21% and 22% of patients after multiple procedures, respectively.17 Ablation therapy
is more successful in patients with paroxysmal AF than in patients with persistent
AF (AF recurrence 46% vs. 58% at 5-year follow-up, respectively).17 These numbers
accentuate the limited efficacy of currently available therapies for AF and the need
for new mechanistic insights. As up to 15% of patients with paroxysmal AF progress
to persistent AF within one year18, the importance of timely recognition of AF should
also not be underestimated.
Pathophysiology of atrial ﬁbrillation
In general, AF is caused by interaction between an initiating trigger and an
underlying atrial substrate maintaining the arrhythmia. The trigger is usually
an atrial extrasystolic beat. The proximal sleeves of the pulmonary veins are a
common source of these ectopic triggers, yet other atrial regions can also be
involved. Ectopic activity can be enhanced by increased automaticity of atrial
issue, triggered activity due to delayed afterdepolarizations and mechanical stress,
e.g. due to (acute) stretch of the atrial wall.19 Development of the underlying atrial
substrate that ease maintenance of AF is multifactorial. Ageing and underlying
cardiac conditions (e.g. hypertension and ischemia) facilitate remodeling on longterm (years), whereas the so-called process of ‘AF begets AF’ (i.e. arrhythmiainduced remodeling) commences within hours after AF onset.20 Presence of AF
itself provokes electrical, functional and structural changes in atrial tissue that
promote both initiation and maintenance of the arrhythmia.21 This process aids
the progressive nature of AF, going from a ‘trigger-driven’ arrhythmia in which
atrial extrasystoles trigger self-terminating episodes of AF to a ‘substrate-driven’
arrhythmia in which remodeled tissue expedites perpetuation of AF. The vicious
cycle of atrial remodeling is illustrated in Figure 3 and discussed in more detail in
the next paragraph.

13
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Figure 3 – Atrial ﬁbrillation begets atrial ﬁbrillation. Presence of atrial ﬁbrillation (AF) induces
electrical, functional and structural changes that in turn promote initiation and maintenance
of AF. Downregulation of L-type Ca2+ channels is considered the primary cause for electrical
and functional remodeling, whereas stretch as a result of functional (contractile) changes
stimulates structural remodeling of atrial tissue. Shortening of the wavelength, as a result of the
reduction in atrial effective refractory period (AERP) and atrial ﬁbrillation cycle length (AFCL),
and increased inhomogeneous conduction, due to ﬁbrosis-induced nonuniform anisotropy,
allows for re-entry to maintain. APD, action potential duration. Modiﬁed from Allessie et al.21

Atrial remodeling and atrial ﬁbrillation persistence
Remodeling on electrical, functional and structural level jointly form the vicious cycle
of atrial remodeling and AF persistence. The pioneering animal studies of Morillo
et al. and Wijffels et al. ﬁrstly described AF-induced electrical remodeling, showing
reduction in atrial effective refractory period (AERP; -15% and -45%, respectively)
within hours after AF onset.20, 22
This process is primarily due to inactivation of L-type Ca2+ ion channels during
AF23, 24, inducing shortening of the atrial action potential duration (APD) and loss
of physiological rate adaptation, as conﬁrmed in humans 25-27. The shortening
of APD in turn facilitates shortening of the atrial ﬁbrillation cycle length (AFCL),
generally considered a surrogate for local tissue refractoriness28, and decreases the
wavelength of the ﬁbrillatory waves, allowing for more disorganized AF. In addition,
downregulation of Ca2+ channels induces abnormalities in cellular Ca2+ load (i.e.
calcium overload), which can provoke delayed afterdepolarizations and triggered
activity.19 Electrical remodeling thereby enhances both the arrhythmogenic
substrate as well as formation of triggers and thereby progressively increases
vulnerability to develop and maintain AF. Importantly, these AF-induced electrical
changes have been shown completely reversible when sinus rhythm is restored,
14
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even after prolonged periods of AF (months to years).20, 29 Recurrence of AF after
successful cardioversion can therefore not be explained based on electrical
remodeling alone.
Alongside electrical remodeling, the AF-induced reduction in Ca2+ channels also
promotes functional remodeling30. The reduction in Ca2+ channels decreases
activation of the contractile apparatus and triggers myolysis of sarcomeres, leading
to decreased contractility of the atrial tissue.31 Consequently, compliance increases
and dilatation of the atria commences.32 In turn, atrial cardiomyocytes become
stretched, setting the stage for structural remodeling.
On cellular level, stretch of atrial cardiomyocytes can induce cellular hypertrophy,
dedifferentiation, derailed proteostasis, altered cell-to-cell coupling and
extracellular matrix remodeling, forming ﬁbroblastic and collagenous depositions.21,
33-36
In addition, due to cardiomyocyte and sarcomeric stress, several proﬁbrotic
(growth) factors are secreted that synergistically increase ﬁbroblast proliferation
(e.g. angiotensin II and transforming growth factor-β1).19 The altered cell-to-cell
coupling in combination with formation of (mainly longitudinal) ﬁbrosis between
myocardial ﬁbers facilitates nonuniform anisotropy, leading to discontinuous and
inhomogeneous conduction. 37-39 Likewise, inhomogeneous conduction favors
re-entry and consequently AF. 39 Aside from its evident role in formation of the
arrhythmogenic substrate, structural remodeling also facilitates induction of
spontaneous ectopic activity due to coupling of ﬁbroblast and cardiomyocytes.40 While
electrical and functional remodeling commence within days, structural remodeling
is a much slower process that builds up in months to years. On short-term, structural
changes caused by AF are irreversible, and can be considered physiological
adaptation of the atria to chronic Ca2+ overload and metabolic stress. 21
These coinciding mechanisms of electrical, functional and structural remodeling
all maintain the process of ‘AF begets AF’ and lead to persistence of AF. Although
the relation between AF and remodeling is well established, considerable progress
still has to be made in understanding its precise paths and interactions.

Uncovering electrical markers of atrial ﬁbrillation: cardiac
mapping
By placing electrodes at the surface of the heart, transmembrane currents that
are generated through depolarization of cardiomyocytes can be measured. The
recorded electrical potentials reﬂect the time, direction and complexity of atrial
activation near the recording electrode. The process of identifying the temporal
and spatial distributions of myocardial electrical potentials during a particular heart
15
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rhythm is called ‘cardiac mapping’.41 Cardiac mapping can aid in understanding
arrhythmogenesis of AF by visualizing atrial activation patterns and electrical
abnormalities. Common mapping techniques include endocardial and epicardial
mapping, measuring electrical potentials from the inner and outer surface of the
heart, respectively. Both techniques have its strengths and weaknesses.

Figure 4 – Three-dimensional endocardial activation map of the left atrium during atrial
tachycardia. This activation map was acquired with the RHYTHMIA HDxTM mapping system
using a 64-polar basket mapping catheter and displays the macro-reentrant circuit (black
arrow) at a posterolateral view. LAA, left atrium appendage; LIPV, left inferior pulmonary
vein; LSPV, left superior pulmonary vein; MA, mitral annulus; RIPV, right inferior pulmonary
vein; RSPV, right superior pulmonary vein.

Endocardial mapping uses long and ﬂexible catheters that are advanced from the
femoral vein or artery to the atria, so that the procedure is minimally invasive. In
turn, the small catheters are limited in size and number of electrodes. Commonly
used electrophysiological catheters contain 4-20 electrodes, although newer,
deployable catheters can contain up to 64 electrodes (i.e., basket catheters).
Activation maps are reconstructed by software that links the location of the catheter
in space to the recorded electrograms obtained from different locations throughout
both atria (Figure 4). Epicardial mapping can only be performed during open-chest
cardiac surgery, yet uses arrays with up to 192 electrodes that are placed on the
outer surface of the heart. Using larger electrodes increases spatial resolution of the
reconstructed activation maps and thereby facilitates more detailed visualization of
activation patterns and electrical abnormalities, such as conduction blocks (Figure 5).
16
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Figure 5 – Epicardial high-resolution mapping. Recordings are made following a predeﬁned scheme, covering the entire epicardial surface of the left and right atrium (LA, RA). A
high-resolution activation map can be derived by annotating local activation times (LAT) of
the obtained electrograms, and conduction abnormalities such as conduction block (CB) can
be visualized. The black arrow indicates the main trajectory of activation. BB, Bachmann’s
bundle; ICV, inferior caval vein; PV, pulmonary veins; SCV, superior caval vein.

Whereas epicardial mapping enables access to Bachmann’s bundle, the interatrial
septum and the myocardial sleeves of the pulmonary veins – all regarded as potential
arrhythmogenic structures 42-44 – can only be reached during endocardial mapping.
Unipolar and bipolar electrograms
Cardiac mapping can be performed using either unipolar or bipolar electrode
conﬁgurations. In unipolar recordings, the recording electrode is positioned at
the site of interest and is connected to a remote electrode (i.e., the indifferent
or reference electrode) that is positioned distant from the heart. In turn, bipolar
recordings are obtained by connecting two electrodes at the site of interest, usually
close together. In both cases, the resulting electrograms are the net difference
between the two electrodes. Extracellular currents of thousands of cardiac
cells underneath and surrounding the recording electrode(s) are visualized in
these electrograms. As the depolarization wave approaches and then passes
the recording electrode, a unipolar electrogram is biphasic: a positive peak is
denoted while the wavefront is approaching, a sudden drop to zero when the
17
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wavefront is underneath the electrode, and a negative peak as the wavefront
is passing by. The bipolar electrogram is the result of subtracting two unipolar
electrograms at adjacent sites, thus the initial peak in bipolar recordings coincides
with depolarization beneath the recording electrode. As far-ﬁeld potentials and
noise are almost similar at adjacent electrodes, subtraction ﬁlters out interferences
and only displays local activity. This important advantage is the primary reason
why bipolar electrograms have clinically often been preferred above unipolar
measurements.45, 46 Nevertheless, in contrast to unipolar electrograms, morphology
of bipolar electrograms is affected by direction of wavefront propagation,
interelectrode spacing, electrode size and the orientation of the recording electrode
relative to the tissue.45, 46 Whereas detection of the local activation time in unipolar
recordings (i.e., the maximum negative slope of the potential) can be distorted
by farﬁeld signals, interpretation of bipolar electrogram morphology is more
complicated and factor-dependent. As such, both unipolar or bipolar recordings
have its strengths and weaknesses, and provide complimentary information.
Morphology of electrograms
Signal morphology of especially unipolar electrograms reﬂect underlying
activation and conduction processes. In contrast to a biphasic unipolar electrogram
that reﬂects homogeneous conduction, multiple positive and negative peaks
in the unipolar electrogram (i.e., fractionation) arise from action potentials in
cardiomyocytes that are out of phase. 47 The local asynchronous activation in
these fractionated potentials can be due to spatial dispersion in refractory
periods, nonuniform tissue anisotropy owing to a low number of electrical sideto-side connections (electrical remodeling) or pathological mechanisms such
as the presence of insulating collagenous septa between atrial muscle bundles
(structural remodeling). Thereby, studying atrial electrogram morphology could
aid in revealing the substrate of AF (Figure 6). Fractionated potentials have been
linked to abnormal conduction and arrhythmogenicity in patients with AF. 47, 48
Analysis of signal morphology also comprises measurement of the amplitude,
which is determined by the volume of cardiac tissue that is activated simultaneously.
As such, low-amplitude signals have been linked to asynchronous activation due
to e.g. interstitial ﬁbrosis and decreased side-to-side coupling, and could reﬂect
the substrate of AF. 49 In addition, remodeling-induced dissociation between
the epicardial and endocardial wall can be an important factor contributing to
persistence of AF.50 Asynchrony in epicardial and endocardial propagating waves
could give rise to differences in electrogram morphology at the epi- en endocardial
side, which can only be visualized using simultaneous endo- and epicardial cardiac
mapping. Although cardiac mapping techniques offer unique insights into the
pathophysiological basis of AF, the procedure is invasive and is not suitable (yet)
for diagnosis of AF in daily clinical practice.
18
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Figure 6 – Unipolar electrogram morphology reﬂects the arrhythmogenic substrate. Left:
array with 192 unipolar electrodes that is placed on the epicardial surface during openchest cardiac surgery. Middle: examples of biphasic and fractionated potentials that are
measured. Right: the tissue underlying the recording electrode, as reﬂected in the measured potential. Biphasic unipolar potentials reﬂect homogeneous conduction in healthy
anisotropic tissue, whereas fractionated potentials reﬂect asynchronous activation and
inhomogeneous conduction in remodeled (nonuniform anisotropic) tissue.

Biological markers of atrial ﬁbrillation
Blood-based biomarkers could be of great value in diagnosis and treatment of
AF, since they are easy to obtain with minimal harm for the patient. As mentioned
earlier, derailment of protein homeostasis promotes structural remodeling, favoring
progression and persistence of AF. Recently discovered factors contributing to
derailment of protein homeostasis are impairment of heat shock proteins (HSPs)34,
35, 51, 52
, autophagy53, loss of sarcomeric and microtubule proteins54, 55, mitochondrial
dysfunction56 and activation of DNA damage57. Effectiveness of pharmacological
therapy could greatly increase when therapeutic agents would be directed at these
drivers of structural damage during AF.

Thesis outline
This thesis aims to characterize electrophysiological and structural alterations
underlying onset and persistence of AF in patients undergoing cardiac surgery.
19
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The rationale and design of our unique methodology, aiming at identifying bioelectrical markers of AF, is discussed in Chapter 2. The next chapters focus on
electrical markers underlying AF onset and persistence. Chapter 3 demonstrates
the phenomenon of direction- and rate-dependent fractionation and illustrates its
morphological manifestations in a 76-year old longstanding persistent AF patient.
Whether anatomical hotspots of fractionated electrograms exist in the left and
right atrium is reviewed in Chapter 4. The impact of ﬁltering on morphology of
unipolar AF potentials is investigated and described in Chapter 5. In patients
undergoing mitral valve surgery, morphology of single, non-fractionated
potentials is investigated and discussed in Chapter 6. Voltage ﬁngerprints of
unipolar potentials and the impact of prior AF episodes are outlined in Chapter 7.
Contribution of asynchronous activation of the epicardial and endocardial layers
to pathophysiology of AF is discussed in Chapter 8 and Chapter 9. Electrogram
morphology of both endocardial and epicardial electrograms and their differences
are described in Chapter 8, whereas Chapter 9 focusses on whether unipolar
or bipolar electrograms are better suited to detect epi-endocardial asynchrony.
Chapter 10 and Chapter 11 focus on postoperative AF, discussing the impact of
obesity on postoperative AF burden and the incidence and characteristics of
postoperative AF in adult bicuspid aortic valve patients, respectively.
The second part of the thesis focusses on biological markers of AF. The editorial in
Chapter 12 emphasizes the opportunity for biomarkers within the treatment chain
of AF. The clinical study performed in Chapter 13 investigates the effect of daily
supplementation of L-glutamine in patients, speciﬁcally on heat shock proteins
and metabolites.
Implications of these ﬁndings and future perspectives are discussed in Chapter
14. An English and Dutch summary of this thesis are provided in Chapter 15 and
Chapter 16, respectively.
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Abstract
Background
The exact pathophysiology of atrial ﬁbrillation (AF) remains incompletely
understood and treatment of AF is associated with high recurrence rates.
Persistence of AF is rooted in the presence of electropathology, deﬁned as complex
electrical conduction disorders caused by structural damage of atrial tissue. The
Atrial Fibrillation Fingerprinting (AFFIP) study aims to characterize electropathology,
enabling development of a novel diagnostic instrument to predict AF onset and
early progression.
Hypotheses
History of AF, development of post-operative AF, age, gender, underlying heart
disease and other clinical characteristics impact the degree of electropathology.
Methods
This study is a prospective observational study with a planned duration of
48 months. Three study groups are deﬁned: 1) (longstanding) persistent AF
patients, 2) paroxysmal AF patients and 3) patients without a history of AF, all
undergoing open-chest cardiac surgery. Intra-operative high-resolution epicardial
mapping is performed to identify the patient-speciﬁc electrical proﬁle, whereas
the patient-speciﬁc biological proﬁle is assessed by evaluating proteostasis
markers in blood samples and atrial appendage tissue samples. Post-operative
continuous rhythm monitoring is performed for detection of early post-operative
AF. Late post-operative AF (during ﬁve-year follow-up) is documented by either
electrocardiogram or 24-hour Holter registration.
Results
The required sample size for this study is estimated at 447 patients. Up till now 105
patients were included, of whom 36 have a history of AF.
Conclusion
The AFFIP study will elucidate whether electrophysiological and structural
characteristics represent a novel diagnostic tool, the AF Fingerprint, to predict onset
and early progression of AF in cardiac surgery patients.
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Introduction
Atrial ﬁbrillation (AF) is the most common cardiac arrhythmia worldwide, and its
incidence1 and associated medical health care costs2 continuously increase. Even
though numerous predisposing factors for progression of AF have been identiﬁed,
the exact pathophysiology remains incompletely understood and treatment of AF
is associated with high recurrence rates. As disease progression from recurrent
intermittent episodes to ﬁnally permanent AF is accompanied by a gradual increase
in therapy failure, early recognition of AF is of prime importance. Persistence of AF is
rooted in the presence of electropathology, which is deﬁned as complex electrical
conduction disorders caused by structural damage of atrial tissue. Therefore, early
recognition of AF susceptibility in patients is necessary to halt electropathology
and hence disease onset and progression. Although promising artiﬁcial intelligence
applications are emerging3, up till this day in clinical practice, AF is diagnosed with
a surface electrocardiogram when a patient already suffers from AF. This rhythm
registration cannot assess the degree of electropathology and thus the stage of AF
which is essential for selection of the appropriate therapy. Hence, early recognition
of AF and the start of effective treatment is seriously hampered. By characterizing
electropathology, we aim to develop a novel diagnostic instrument to predict AF onset
and early progression. We hypothesize that every patient has a unique biological
and electrical signal proﬁle that is inﬂuenced by age, gender and underlying heart
disease. This bio-electrical proﬁle is deduced from the ratio abnormal/normal
electrical signals in the atria by utilizing a unique high-density atrial mapping
approach and determination of proteostasis markers in tissue or blood samples
related to structural damage. These outcomes are summarized in an AF Fingerprint.
Multi-site high density epicardial mapping has been used in multiple research
protocols in Rotterdam (QUASAR study MEC 2010-054, HALT&REVERSE study
MEC 2015-393), Leiden and Maastricht.4-7 Since 2010 the mapping procedure is
daily practice in the Erasmus Medical Center. Atrial conduction during both sinus
rhythm (SR) and (induced) AF can be visualised to identify the patient-speciﬁc
electrical proﬁle. This alone however does not clarify electropathological changes
on structural level that contribute to substrate for AF. Previous studies revealed
that structural damage is caused by derailment of protein homeostasis due to
loss of key modulators within the protein quality system.8 Failure of protein quality
control in AF involves impairment of heat shock proteins (HSPs)9, autophagy10, loss
of sarcomeric and microtubule proteins11, 12 and activation of DNA damage/PARP1/
NAD axis13, favoring progression of AF.
The AFFIP study combines electrophysiological and structural alterations into
one AF Fingerprint (Figure 1). Electrophysiological data obtained from epicardial
mapping during surgery are combined with proteostasis markers on one hand
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and atrial tissue characteristics on the other hand. By comparing the bioelectrical AF Fingerprint of patients from different age groups, gender, history of
AF, development of post-operative AF, underlying heart disease and other clinical
characteristics, we hope to gain more insight in the mechanism underlying AF
and the development of a substrate for AF. The ﬁndings will elucidate whether
structural and electrophysiological characteristics represent a novel diagnostic
tool, the AF Fingerprint, to predict onset and early progression of AF in cardiac
surgery patients.

Figure 1 – Concept of the AFFIP study. The AFFIP study hypothesizes that every patient has
a unique biological and electrical signal proﬁle that is inﬂuenced by age, gender and heart
disease. Intra-operative high-resolution epicardial mapping is performed to identify the
patient-speciﬁc electrical proﬁle, whereas the biological proﬁle is assessed by evaluating
proteostasis levels in blood samples and atrial appendage tissue samples. Derailment of
protein homeostasis can lead to structural remodeling, favoring inhomogeneous conduction and progression of AF. We aim to develop a novel diagnostic tool, the bio-electrical AF
Fingerprint, to predict onset and early progression of AF.

Methods
AFFIP is a prospective observational study, with a planned duration of 48 months.
This study is carried out according to the principals of the Declaration of Helsinki
and in accordance with the Medical Research involving Human Subjects Acts. The
study is part of the HALT&REVERSE protocol which is approved by the Rotterdam
local medical ethical committee (MEC-2014-393).
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Study objectives
The primary study objectives are to test the correlation between the AF Fingerprint,
revealing the degree of electropathology including e.g. patterns of activation and
signal morphology, proteostasis levels and atrial tissue characteristics, clinical
characteristics and onset and progression of AF in patients undergoing openchest cardiac surgery.
Study population
Patients with structural heart disease scheduled for elective cardiac surgery
are included. The study population consists of three study groups: patients with
(longstanding) persistent AF (group 1), patients with paroxysmal AF (group 2) and
patients without a history of AF (group 3) undergoing open-chest cardiac surgery. In
line with the ESC guidelines, patients with documentation (ECG or ECG description)
of self-terminating AF episodes up to 7 days, or with AF episodes cardioverted
within 7 days are classiﬁed as paroxysmal AF. Patients with documentation of AF
episodes longer than 7 days or longer than a year are classiﬁed as persistent and
longstanding persistent AF, respectively. Patients are recruited at the Department
of Cardiothoracic Surgery at the Erasmus Medical Center, Rotterdam, The
Netherlands.
Prior to enrolling in the study, each patient is provided an oral and a written
explanation of the study procedure. Written informed consent is obtained from all
patients. Prior to cardiac surgery, blood samples are taken from all patients for
determination of HSP levels (Figure 2). Patient characteristics (e.g. age, medical
history, cardiovascular risk factors) are obtained from the patient’s ﬁle.

ͻͻͻ

ͻ

ͻ

ͻ

ͻ

ͻ

ͻ

Figure 2 - Time course of the AFFIP study. A baseline blood sample (red bar) is obtained
from all patients one day prior to surgery. During surgery, the study procedure (blue bar,
epicardial mapping) is performed, followed by post-operative continuous rhythm monitoring (orange bar). Patients are consulted by phone at 6 months, 12 months and yearly up
to 5 years after surgery for detection of late post-operative AF (green bars).
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Inclusion criteria
In order to be eligible to participate in this study, a subject must meet all of the
following criteria:
+
at least 18 years of age
+
structural heart disease (with or without history of AF)
+
scheduled for elective cardiac surgery
Exclusion criteria
A potential subject who meets any of the following criteria is excluded from
participation in this study:
hemodynamic instability
emergency cardiac surgery
redo-cardiac surgery
Additional details of entry criteria are listed in the Supplemental material.
Intra-operative mapping procedure
Epicardial mapping is performed during surgery. Patients are under full anesthesia
and vital signs are monitored continuously throughout the procedure. Epicardial
unipolar electrograms are recorded using a custom-made multi-site electrode
array. Recordings are made at nine consecutive sites (right atrium 1-4, Bachmann’s
bundle, right and left pulmonary vein and left atrium 1-2), following a predeﬁned
mapping scheme (Figure 2) during SR (9 sites, 5 seconds/site), during pacing
maneuvers for inducing AF (1 site, Bachmann’s bundle), and in AF (9 sites, 10
seconds/site). Pacing is performed with atrial ﬁxed rate pacing directly from the
electrode or with a standard temporary pacemaker wire. If AF sustains at the end
of the mapping procedure, SR is restored with 5-10J electrical cardioversion.
After introduction of the extra corporal circulation into the right atrium via the right
atrial appendage (RAA) a tissue sample (approximately 10x10mm) is obtained from
the incision site in all patients. In patients undergoing mitral valve surgery, the left
atrial appendage (LAA) is also incised and a small tissue sample is excised. In patients
undergoing surgical pulmonary vein isolation, a left sided procedure in patients
with AF which includes amputation of the LAA, the LAA tissue is also studied.
Follow up
After procedure, the heart rhythm is continuously monitored until hospital discharge
in order to detect early post-operative AF. Patients are also consulted by phone at
6 months, 12 months and yearly up to 5 years after surgery in order to detect late
post-operative AF (Figure 3). If post-operative AF is suspected, documentation of
electrocardiography, 24-hour Holter registration or a clinical discharge letter from
peripheral hospitals are retrieved.
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Figure 3 - Epicardial mapping to retrieve unipolar atrial electrograms. With the use of a
192 electrode array, the left atrium (LA), right atrium (RA), pulmonary vein (PV) area and
Bachmann’s Bundle (BB) are mapped following this predeﬁned mapping scheme. Unipolar atrial electrograms are collected during sinus rhythm (SR), pacing maneuvers (P) and
(electrically induced) atrial ﬁbrillation (AF). Morphology of atrial potentials are subdivided
into four categories: single potentials (one deﬂection), short double potentials (two deﬂections less than 15ms apart), long double potentials (two deﬂections 15ms or more apart)
and complex fractionated potentials (three or more deﬂections). ICV = inferior caval vein,
LAA = left atrial appendage, PVL = left pulmonary vein area, PVR = right pulmonary vein
area, RAA = right atrial appendage, SCV = superior caval vein.

Tissue analysis
All obtained blood samples and atrial tissue samples are stored at -80oC until
transport to the Amsterdam UMC, location VU Medical Center. Proteostasis markers
include HSP27, HSP70, HSPA1A, HSPA5, HSPB1, HSPB5, HSPB6, HSPB7, HSPB8,
HSPD1, α-SMA, LC3B-II, TIMP1, LOX3, MMP9, Galectin-3, NCAM, MT-ND1 and
COX3, and are determined by commercially available ELISAs and Western blot
analysis at the Department of Physiology of the Amsterdam UMC.
Main study parameters and endpoints
Primary endpoint of the study is development or recurrence of AF. Secondary
endpoints include implantation of an atrial pacemaker or implantable cardioverter
deﬁbrillator. At present, no substudies are planned. Additional secondary endpoints
are described in the Supplemental material. At present, no substudies are
planned.
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Deﬂections of the recorded atrial electrograms are detected semi-automatically
in custom-made Python 3.6 software. In case of fractionated electrograms, the
component with the steepest negative slope is taken as the local activation time
(Figure 3). Electrograms with injury potentials and artifacts are excluded from
analysis by consensus of two investigators. Signals are used to construct colorcoded activation, conduction block, break-through wave, fractionation and
voltage maps (Figure 4). Furthermore, the relation between patterns of activation,
incidence of breakthrough waves, fractionation, ﬁbrillation intervals, conduction
abnormalities and voltage is studied and compared between the different atrial
sites and atrial rhythms. Electrical changes as deﬁned with the above-mentioned
electrical parameters will be correlated with the pre-operative proteostasis levels,
development of post-operative AF, sex, age and other clinical characteristics.

¨

Figure 4 - Construction of the AF Fingerprint. The left panel shows an example of an activation map during electrically induced atrial ﬁbrillation (AF) of the left pulmonary vein area in
a patient undergoing coronary artery bypass grafting without a history of AF. Isochrones are
drawn at 5ms, areas of conduction block (Δ local activation time (LAT) ≥ 12ms) are indicated
by black bars and the origin of peripheral waves by grey dots. The arrows indicate main
activation direction. The corresponding fractionation map is displayed in the right panel
and shows the different types of atrial potential morphologies: single potentials (SP, one
deﬂection), short double potentials (sDP, two deﬂections less than 15ms apart), long double
potentials (lDP, two deﬂections 15ms or more apart) and complex fractionated potentials
(CFP, three or more deﬂections). The maps are used to determine the incidence of e.g.
fractionation and conduction block.
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The primary hypothesis is that the degree of electropathology will be increased
in patients with a history of AF and patients whom develop post-operative AF.
Secondarily, we hypothesize that age, gender, underlying heart disease and other
clinical characteristics impact the degree of electropathology.
Sample size calculation
Based upon our experience in prior mapping studies approximately 30% of patients
develop early post-operative AF in the Erasmus MC 14, which is in correspondence
with published literature15.
There is no data on the proposed novel electrophysiological parameters and
biomarkers, and calculation of the sample size is therefore at present not possible.
However, we used data obtained from a pilot study containing 5 patients with and 5
patients without AF. With a p-value of 0.05 and a chosen power of 0.95 the required
number is 135 per study group. An attrition rate of 10% increases this to 149 patients
in each group. The required sample size for this study is therefore estimated at
447 patients. These calculations will be repeated after the ﬁrst 50 patients in every
group in order to adjust the sample size.
Statistical analysis
Associations between proteostasis markers, electrical signals and clinical patient
outcomes are calculated using multivariate logistic regression and cox regression
models. Log rank tests compare patient groups with different stages of AF.
Continuous and categorical electrophysiological parameters are compared with
respectively ANOVA and chi-square tests. For repeated biomarker measurements,
joint modeling and mixed modeling analysis is used. ANOVA with Bonferroni
adjustments corrects for analysis of multiple biomarkers.
Study organization
This multi-disciplinary study is carried out by dedicated teams, whom are
responsible for the following tasks:
Translational Electrophysiology Research Unit of the Department of Cardiology at
the Erasmus Medical Center, Rotterdam, The Netherlands: patient screening and
recruitment, collection of electrophysiological data during intra-operative mapping
procedure, collection of blood samples, patient follow-up, electrophysiological data
analyses, statistical analyses
Department of Cardiothoracic Surgery at the Erasmus Medical Center, Rotterdam,
The Netherlands: intra-operative mapping procedure and collection of atrial tissue
samples during open-chest cardiac surgery
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Atrial Fibrillation Research Unit of the Department of Physiology at the Amsterdam
UMC, Amsterdam, The Netherlands: analysis of biological markers from tissue and
blood samples
Trial Office of the Department of Cardiothoracic Surgery, Erasmus Medical Center,
Rotterdam, The Netherlands: Data Safety Monitoring
Supervision and steering of these teams is done by prof. dr. Natasja M.S. de
Groot, prof. dr. Bianca J.J.M. Brundel and prof. dr. Ad J.J.C. Bogers. Prof. dr. ir. Eric
Boersma of the Department of Clinical Epidemiology at the Erasmus Medical
Center, Rotterdam, The Netherlands, supervises all statistical analyses.

Results
The AFFIP study started in January 2017. The ﬁrst patient enrolled on January 27,
2017, and up till now 105 patients were included (as of March 20, 2020), of whom
36 have a history of AF. Table 1 provides the preliminary baseline characteristics
of all enrolled patients.
Table 1 – Preliminary baseline characteristics of enrolled patients (as of 20th of March 2020)
Number of patients

105

Male

70 (67%)

Age (years)

64 (54 – 71)

BMI

27.2 (24.6 – 30.1)

Underlying heart disease
CABG

16 (15)

AVD

18 (16)

MVD

11 (10)

CABG + AVD

8 (8)

CABG + MVD

4 (4)

AVD + MVD

4 (4)

CHD

44 (42)

History of AF
Paroxysmal

36 (34)
20 (56)

Persistent

14 (39)

Longstanding persistent

2 (6)

Hypertension

48 (46)

Dyslipidemia

26 (25)

Diabetes mellitus

16 (15)
th

th

Values are presented as N (%) or median (25 – 75 percentile). AVD, aortic valve disease; BMI,
body mass index; CABG, coronary artery bypass grafting; CHD, congenital heart disease; MVD,
mitral valve disease.
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Discussion
In clinical practice, AF is currently diagnosed with a surface electrocardiogram
when a patient already suffers from AF. This rhythm registration cannot assess
the degree of electropathology and thus the stage of AF which is essential for
selection of the appropriate therapy. Hence, early recognition of AF and the start
of effective treatment is seriously hampered. The AFFIP study aims to characterize
electropathology, enabling development of a novel diagnostic instrument to predict
AF onset and early progression. Electrophysiological data obtained from epicardial
mapping during surgery are combined with proteostasis markers on one hand and
atrial tissue characteristics on the other hand. The ﬁndings will elucidate whether
electrophysiological and structural characteristics represent a novel diagnostic
tool, the AF Fingerprint, to predict onset and early progression of AF in cardiac
surgery patients.
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Supplemental material
Entry criteria
Only patients with ECG-documented AF were included in the paroxysmal or
(longstanding) persistent AF groups. Patients with documentation of atrial ﬂutter
were excluded from participation in the study. Criteria for hemodynamic instability
included usage of inotropic agents or vasopressors and/or presence of a cardiac
assist device. Emergency cardiac surgery was deﬁned as cardiac surgery within
24 hours. Patients with end stage renal failure requiring dialysis were also excluded
from participation in the study.
Endpoints
Primary endpoint of the study is development or recurrence of documented AF. In
line with the latest ESC guidelines, AF is deﬁned as an episode of at least 30 seconds
with absolutely irregular RR intervals and no discernible, distinct P waves.
Secondary endpoints include:
implantation of atrial pacemaker
implantation of implantable cardioverter deﬁbrillator
withdrawal of informed consent
lost to follow-up (unreachable via contact details of the home doctor or
hospital)
decease (conﬁrmed by hospital, home doctor or Dutch BRP register)
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Abstract
This human case is the ﬁrst to illustrate morphological manifestations of directionand rate-dependent anisotropic conduction in high-resolution unipolar atrial
potentials. Premature impulses induced low-amplitude, fractionated extracellular
potentials with exceptionally prolonged durations in a 76-year old longstanding
persistent AF patient, demonstrating direction-dependency of anisotropic
conduction. An increased pacing frequency induced presence of similar
fractionated potentials, reﬂecting rate-dependent anisotropy and inhomogeneous,
slow transverse conduction. Pacing with different rates and from different sites
could aid in identifying nonuniform anisotropic tissue and thus the substrate of AF.
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Introduction
Due to the cable-like longitudinal arrangement of atrial myocardial ﬁbers, electrical
conduction is much faster in longitudinal direction than in transverse direction.1 While
cell geometry is a major determinant of anisotropy, mostly gap junction distribution
determine whether propagation is continuous or discontinuous.2 Altered gap junction
distribution and formation of longitudinal collagenous septa between myocardial
ﬁbers result in discontinuous transverse propagation (“nonuniform anisotropy”)
and increased susceptibility to reentrant tachyarrhythmias such as atrial ﬁbrillation
(AF).3, 4 In addition to gap junctions, myocytes can interact by ephaptic coupling,
as shown in ventricular myocardium in experimental and modeling studies. 5, 6
During nonuniform anisotropy, extracellular waveforms consist of more than
one deﬂection (i.e. fractionation), caused by asynchronous ﬁring of two or more
groups of cells that are separated by areas in which there is diminished or no
cell-to-cell electrical coupling in the path of propagation. 3 Extracellular waveform
morphology can therefore be used to detect anisotropic structural discontinuities
that are proarrhythmic, such as areas of slowed conduction due to grossly irregular
discontinuous propagation.3
Importantly, anisotropy is not a static property of cardiac tissue, but can be
modulated by alterations in gap junctional conductance (i.e. intercellular coupling), as
demonstrated in multiple simulation and animal models.1, 2, 7, 8 For example, Spach et
al. demonstrated anisotropy to be rate-dependent, with higher pacing rates resulting
in a lower transverse conduction velocity in relation to longitudinal conduction
velocity.2, 7 In addition, premature stimulation in nonuniform anisotropy resulted in
decremental longitudinal conduction and block with zigzag transverse conduction,
while this was not the case in uniform anisotropy (i.e. direction-dependency).9
Although described in experimental studies, clear examples of these phenomena in
patient data are rare. In this paper we present a case in which both the rate- and
direction-dependency of anisotropy is demonstrated in a 76-year old patient with
longstanding persistent AF.

Case report
A 76-year old female with a history of longstanding persistent AF presented for
mitral valve surgery and surgical radiofrequency ablation. During surgery – prior
to commencement to extra-corporal circulation – epicardial mapping of the
pulmonary vein (PV) area was performed with a 64-electrode spatula (mapping
area 17.5x17.5 mm, interelectrode distances 2.5 mm) (Figure 1). A silver disc positioned
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inside the thoracic cavity served as indifferent electrode. Unipolar signals were
stored on a hard disk after ampliﬁcation (gain 1000), ﬁltering (bandwidth 1-500 Hz),
sampling (1kHz) and analogue to digital conversion (12 bits). The patient presented
in AF but was cardioverted to sinus rhythm (SR).

Figure 1 – Epicardial mapping using a 64-electrode spatula. With eight rows of eight unipolar electrodes, having an interelectrode distance of 2.5 mm, the spatula covers a mapping
area of 17.5 x 17.5 mm. During epicardial mapping extracellular potentials of atrial tissue
are recorded.

During SR, with the spatula on the caudal PV area, several premature atrial
complexes (PACs) occurred. During these PACs, morphology of atrial potentials
changed considerably (Figure 2). Whereas high-amplitude, single atrial potentials
of short durations were observed during SR beats, PACs induced low-amplitude
and multiphasic (i.e. fractionated) potentials, manifesting exceptional prolongation
of potential duration.
After SR recordings, programmed electrical stimulation was performed using
electrodes sutured to the right atrial appendage (RAA). With the spatula on the
mid PV area, pacing was executed at cycle lengths of 600 ms, 500 ms and 333
ms (corresponding with 100 bpm, 120 bpm and 180 bpm, respectively). At a paced
cycle length of 600 ms and 500 ms, high-amplitude, single atrial potentials with
short durations were observed. In contrary, pacing at a cycle length of 333 ms
induced low-amplitude, fractionated atrial potentials with prolonged durations
(Figure 3).
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Figure 2 – Premature atrial complex (PAC) causes unidirectional longitudinal block with
corresponding low-amplitude, fractionated potentials with long duration. At the top, the
electrode 6 tracing demonstrates one sinus rhythm (SR) beat followed by a ventricular
far-ﬁeld complex (V), together with one PAC with subsequent ventricular activation. During
recordings the spatula was placed on the caudal PV area. Color-coded activation maps of
both the SR beat and PAC are shown. The SR impulse arises from the right-lower part of
the mapping area and homogeneously propagates towards the left-upper part, whereas
the PAC exhibits inhomogeneous and slow conduction around several lines of block (Δlocal
activation time ≥ 12ms, visualized as thick white lines). The SR beat is characterized by
high-amplitude, biphasic and smooth extracellular potentials with short duration (80-95 ms),
whereas the PAC exhibits low-amplitude, multiphasic potentials with long duration (160-177
ms). CL = cycle length (i.e. coupling interval of consecutive atrial impulses).
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Figure 3 – Pacing at shorter cycle length induces multiphasic fractionated potentials, due to
a lower transverse conduction velocity in relation to longitudinal conduction velocity. With
the spatula on the mid PV area, pacing from the right atrial appendage was performed.
Three unipolar tracings of electrode 10 are shown, corresponding with pacing cycle lengths
of 600 ms, 500 ms and 333 ms (i.e. 100 bpm, 120 bpm and 180 bpm, respectively). In contrary to pacing at low rates, pacing at the highest rate (i.e. cycle length of 333 ms) induced
low-amplitude, fractionated atrial potentials with prolonged durations. A = atrial complex,
P = pacing, V = ventricular far-ﬁeld complex.

Discussion
This case demonstrates direction- and rate-dependency of anisotropic conduction
in the intact human heart and is the ﬁrst to illustrate its morphological manifestations
in high-resolution unipolar atrial potentials.
Premature impulses can cause unidirectional longitudinal block
In correspondence with the experimental studies of Spach et al.3, 9, low-amplitude
fractionated extracellular potentials with prolonged durations were observed during
premature impulses in this patient, indicating slow propagation in association with
unidirectional block. While one would expect smooth and biphasic extracellular
atrial potentials in uniform anisotropic tissue3, the observed irregular potentials
with low-amplitude deﬂections and severely prolonged potential duration reveal
the nonuniformity of anisotropic tissue in the PV area of this patient.
The coupling interval at which the premature impulse arrives is crucial for the
course of propagation. In a canine study, Spach et al. showed that at a long
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coupling interval (290 ms) both longitudinal and transverse propagation
succeeded, whereas during stimulation within the refractory period (130 ms) both
failed.10 At short coupling intervals just above the refractory period (134 and 145
ms) propagation was decremental, showing longitudinal block without transverse
conduction. At a coupling interval of 155 ms, decremental conduction and block
occurred in the longitudinal direction with preserved transverse propagation,
enabling reentry to occur. Spach concluded that only in the latter the premature
stimulus was below the safety factor in the longitudinal direction, but above the
threshold in the transverse direction, giving rise to longitudinal block with transverse
conduction.2, 8 This example also illustrated that propagation becomes decremental
ﬁrst in the direction having the highest conduction velocity (i.e. the longitudinal
direction) with a corresponding long refractory period.10 As illustrated in Figure 2, the
SR beat arises from the right-lower part of the mapping area and homogeneously
propagates towards the left-upper part, where the earliest activation of the PAC is
seen. The relative short coupling interval of the premature impulse (408 ms) causes
multiple areas of local conduction block (Δlocal activation time ≥12 ms), around
which the wavefront slowly propagates. This also stresses the importance and
impact of wavefront entrance and curvature for initiation of reentry, facilitated by
the direction-dependency of nonuniform anisotropic tissue.
Increased pacing frequency decreases transverse conduction velocity
Animal studies have shown that the ratio between longitudinal and transverse
conduction velocity (i.e. anisotropy ratio) is rate-dependent, with higher stimulation
rates resulting in an increased anisotropy ratio due to a relative decrease in
transverse conduction velocity. 2, 7 The sudden decay in transverse conduction
velocity could not be accounted for by any changes in the action potential and
was fully reversible upon decreases of pacing rate7, and therefore must be due to
a change in intercellular coupling (i.e. gap junctional conductance). Although all
gap junctions regardless of directionality will be affected, longitudinal propagation
velocity retains due to its relative insensitivity to decreases in coupling.7, 11 Intercellular
coupling is thus susceptible to modulation by rate, even within the course of a
few action potentials.2, 7 In our patient, an increase in pacing frequency induced
presence of low-amplitude, multiphasic atrial potentials with long durations, which
was likely caused by an increase in intercellular coupling resistance and led to
inhomogeneous and slow transverse conduction. Partially similar ﬁndings were
presented in bipolar recordings12, although especially the potential duration delays
observed within this case are exceptional.
Importantly, during premature stimulation both longitudinal and transverse
conduction velocity decrease proportionally, whereas increasing the pacing
frequency primarily induces an exponential decay of transverse conduction
velocity.2, 7 So although closely related, the sudden appearance of fractionated
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potentials during premature impulses as well as during an increased pacing rate
are caused by two distinct phenomena: the direction- and rate-dependency of
anisotropic conduction, respectively.
Clinical importance
Pacing with different rates and from different sites could aid in identifying
nonuniform anisotropic tissue and thus the substrate of AF. Furthermore, substrateguided AF ablation techniques that are used in clinical practice – such as lowvoltage ablation and ablation of complex fractionated atrial electrograms – use
thresholds that do not take into account direction- and rate-dependency of
(nonuniform) anisotropic tissue.

Conclusions
Premature impulses and an increased pacing rate induced low-amplitude,
fractionated potentials with exceptional prolongation of potential duration. Pacing
with different rates and from different sites could aid in identifying nonuniform
anisotropic tissue and thus the substrate of AF.
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Abstract
Aims
Targeting of complex fractionated electrograms (CFEs) in the atria is not yet
beneﬁcial in treating drug-refractory atrial ﬁbrillation (AF). In order to gain insight
into potential anatomical hotspots of fractionated electrograms a structured
literature search was performed.
Methods
PubMed was searched for studies describing fractionation during human atrial
electrophysiological measurements (N=565), of which 36 articles described the
pre-ablation distribution of fractionated EGMs for the left atrium and/or right
atrium in at least four regions.
Results
Fractionation was commonly found in high proportions within all regions of both
atria, without clear preference for speciﬁc regions. Furthermore, no differences in
the fractionation distribution between paroxysmal AF and persistent AF patients
were observed.
Conclusion
Whilst atrial inhomogeneous conduction is widely believed to play a key role in AF
initiation and perpetuation, different electrophysiological causes for fractionation
and the inﬂuence of measurement properties complicate identiﬁcation of the
arrhythmogenic substrate. Thereby, simply targeting all CFEs would be shortsighted. Further research is warranted on how to distinguish “physiologic CFEs”
from “pathologic CFEs”, with only the latter reﬂecting potential targets for ablative
therapy of AF.
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Introduction
The search for a successful ablative strategy customized to the speciﬁc mechanisms
of atrial ﬁbrillation (AF) is an ongoing challenge. Even though AF represents the
most commonly sustained cardiac arrhythmia worldwide, the exact mechanisms
underlying AF are still largely unknown. Its complex electrical activity within the
atria challenges understanding of the electro-pathophysiology of AF. Nowadays,
catheter ablation of the pulmonary veins (PVs), believed to be the main source of
ectopy triggering AF1, is an established treatment for patients with symptomatic
drug-refractory AF. However, relapses occur in up to 30% of paroxysmal AF (PAF)
patients in the ﬁrst year and 70% of patients with persistent AF (PsAF).2 Since
Konings et al. showed that areas of fractionated potentials during intraoperative
mapping of human AF correspond with areas of inhomogeneous conduction and
pivoting points3, potentially reﬂecting the arrhythmogenic substrate of AF, ablative
targeting of complex fractionated electrograms (CFEs) have gained interest.4 As
(randomized) studies failed to conﬁrm clinical beneﬁts of CFE ablation in addition
to pulmonary vein isolation (PVI) for both PAF and PsAF patients5-8, investigating
the true mechanism of fractionated electrograms (EGMs) is of importance. Recent
studies gained perspective on the electrophysiological origin of CFEs9-12, its diverse
deﬁnitions12 and the potential role of atrial structure in inhomogeneous conduction13, 14.
To gain more insight in the role of atrial anatomy in fractionated EGMs, this review
aims to investigate whether anatomical hotspots for fractionated EGMs exist. We
therefore systematically reviewed the distribution of fractionated EGMs throughout
the atria during AF.
Pathophysiology of fractionation
Extracellular cardiac EGMs display changes in electrical potential (in voltages)
over a period of time, enabling visualization of (depolarizing) wave fronts.9, 15
In unipolar EGMs, a wavefront approaching the electrode causes a positive
spike, whereas a wavefront moving away from the electrode causes a negative
deﬂection.15 Propagating in homogenous tissue, the unipolar EGM can thereby only
have a biphasic (wavefront passing by) or a monophasic (wavefront originating
or ending) morphology.9 A bipolar EGM is made by subtracting two unipolar
EGMs recorded at adjacent electrode sites, thereby reducing its “ﬁeld of view” so
that far-ﬁeld signal disturbance is diminished.15 The downside of bipolar EGMs
is their dependence on interelectrode spacing and susceptibility to wavefront
direction changes, both enabling non-physiological fractionated EGMs to occur.9, 15
Although exact deﬁnitions of fractionation greatly varies within literature, most
studies agree that fractionation comprises a unipolar or bipolar EGM with multiple
deﬂections and often a prolonged duration.12 The underlying mechanism of EGM
fractionation is generally restricted to three possibilities: (1) artifacts (e.g. movement
or interference), (2) remote tissue activation (e.g. neighboring regions) and/or (3)
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inhomogeneous tissue conduction within the recording area (e.g. through functional
anisotropy or pathological tissue ﬁbrosis).9, 12 Fractionation can therefore occur in the
presence of normal tissue functionality or due to pathological processes impeding
homogeneous conduction, the latter believed to reﬂect the arrhythmogenic
substrate of AF.4, 9, 12 If so, identifying predilection sites for fractionation could not only
greatly enhance knowledge regarding underlying electrophysiology of substratemediated AF, but also point out potential ablative targets.

Methods
A structured literature search was performed on PubMed using the following
MeSH terms: atrial ﬁbrillation or heart atria, and electrophysiologic techniques,
cardiac or electrophysiology or electrocardiography, and humans. In addition to
this, the titles and abstracts were screened for the following terms: atrium or atria
or atrial ﬁbrillation or auricular ﬁbrillation, and fractionation or fractionated or
fragmentation or fragmented or CFAE or CFE or CEA or AF nest, and electrogram
or ECG or electrophysiology or electrocardiography or electroanatomic. Editorials,
commentaries, reviews and case reports were excluded from the search. This
search resulted in 565 articles, which were screened for inclusion and exclusion
criteria. Only studies where the distribution of fractionated EGM occurrence within
the left atrium (LA) and/or right atrium (RA) before ablation was described or could
be derived were included. Based on these studies, nine separate regions for the
LA were deﬁned: pulmonary veins (PVs), left atrial appendage (LAA), LA septum,
LA posterior wall (LAPW), LA lateral wall (LALW), LA anterior wall (LAAW), LA ﬂoor,
LA roof, and the mitral annulus (MA) (Figure 1). For the RA also nine regions were
deﬁned: caval veins (CVs), right atrial appendage (RAA), RA septum, RA posterior
wall (RAPW), RA lateral wall (RALW), RA anterior wall (RAAW), RA roof, tricuspid
annulus (TA) and crista terminalis (CT) (Figure 1). The coronary sinus (CS) was
considered a separate region. Articles which described the fractionation proportion
within less than four LA and/or RA regions were excluded.
A total of 36 articles met all selection criteria (Figure 2). Proportions were transformed by the Freeman-Tukey double arcsine method to accomplish normally
distributed data. For all studies the weighted average proportion and 95% CIs were
derived and compared (if N>1) between patients with PAF and (longstanding) PsAF
based on the DerSimonian-Laird random effects logistic regression model.
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Figure 1 – Anatomic division of the left atrium (LA) and right atrium (RA). A: anterior and
posterior views of the LA, showing its nine anatomic regions (the pulmonary veins together
are one region). B: right lateral and left lateral views of the RA, showing its nine anatomic
regions (both caval veins together are one region). CT, crista terminalis; IVC, inferior vena
cava; LAA, LA appendage; LIPV, left inferior PV; LSPV, left superior PV; RAA, RA appendage;
RIPV, right inferior PV; RSPV, right superior PV; SVC, superior vena cava; TA, tricuspid annulus.

Figure 2 – Flowchart of article in- and exclusion and deﬁnitions. AF, atrial ﬁbrillation.
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Results
Baseline characteristics and recording techniques of all 36 included articles are
listed in Table 1. All studies used endocardial mapping techniques and the majority
(N=33) recorded bipolar EGMs. Four studies included patients with PAF, 18 studies
with PsAF and the remainder (N=14) had both PAF and PsAF patients. Thirty-two
studies described distal electrode size and 28 studies described interelectrode
spacing. The minimal distal electrode size was 1 mm, interelectrode spacing mostly
ranged between 2 and 5 mm.
Two units of fractionation proportions were used, preventing comparison of all
articles together. The majority of the studies (N=21) determined the number of
patients with fractionated EGMs at different anatomical regions and deﬁned the
fractionation proportion as the number of patients with fractionated EGMs at the
region of interest divided by the total number of patients (% CFE: patients). Fifteen
studies determined the number of fractionated EGMs at different anatomical
regions within the atria, deﬁning the fractionation proportion as the number of
fractionated EGMs divided by the total number of obtained EGMs at the region
of interest (% CFE: EGMs).
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2011

2010

2015

2011

2009 % CFE:
patients

2012

Teh 17

Park 18

Hwang 19

Yamabe 20

Yamabe 21

Hunter 22

% CFE:
patients

% CFE:
patients

% CFE:
patients

% CFE:
EGMs

% CFE:
EGMs

% CFE:
patients

2014

Nakahara 16

Type

Year

Author

PsAF

PAF

Mixed

PsAF

Mixed

PsAF

PsAF

PAF/
PsAF

19

16

19 (17)

43

100 (51)

12

44

No. of
patients
(PAF)

LA

LA

LA

LA

LA

LA

LA

LA/
RA

Mean CL
≤120 ms

>2
deﬂections
or mean CL
≤120 ms

>2
deﬂections
or mean CL
≤120 ms

Mean CL
≤120 ms

Mean CL
≤120 ms

Mean CL
≤120 ms

Mean CL
≤120 ms

CFE
deﬁnition

5

10

10

>6

6

5

5

Time
window
(s)

Bipolar

Mixed

Mixed

Bipolar

Bipolar

Bipolar

Bipolar

Uni/
bipolar

Table 1 – Baseline characteristics and recording techniques of all 36 included articles.

14-pole 14.5-25 mm
Orbiter PV catheter,
Boston Scientiﬁc

7-F quadripolar
catheter, Japan
Lifeline

7-F quadripolar
catheter, Japan
Lifeline

10-pole or 20-pole
double-spiral Lasso,
Biosense Webster

-

20-pole 15-25mm
Reﬂexion Spiral XX, St
Jude Medical

20-pole 20mm
Inquiry AFocusII, St
Jude Medical

Catheter type

Interelectrode
spacing
(mm)
4

1-4-1

-

-

-

5

Distal
electrode
size (mm)
1

2

1

8

8

1

-

50-600

50-600

30-300

32-300

30-500

-

Filter
(Hz)
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Year

2010

2012

2015

2010

2013

2016

Author

Lo 23

Saghy 24

De Bortoli 25

Knecht 26

Nakahara 27

Bassiouny 28

Table 1 - Continued

% CFE:
patients

% CFE:
patients

% CFE:
EGMs

% CFE:
EGMs

% CFE:
EGMs

% CFE:
patients

Type

PsAF

PsAF

Mixed

PsAF

PsAF

Mixed

PAF/
PsAF

44

62

29 (13)

23

20

20 (13)

No. of
patients
(PAF)

LA

LA

LA

LA

LA

LA

LA/
RA

5

5

5

5

7.2

Time
window
(s)

M e an CL 50-120 ms

Mean CL
≤120 ms

Mean CL
≤120 ms

Mean CL
≤120 ms

Mean CL
≤70 ms

Mean
CL ≤120
ms with
isoelectric
interval of
>50 ms

CFE
deﬁnition

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Mixed

Uni/
bipolar

10-pole Lasso
catheter, Biosense
Webster

20-pole 20mm
Inquiry AFocusII, St
Jude Medical

20-pole mapping
catheter Pentaray,
Biosense Webster

Cool Path and Cool
Flex catheter, St Jude
Medical

10-pole 15-25 mm
Lasso, Biosense
Webster

Non-contact catheter
Ensite, St. Jude
Medical and EPT
catheter, Boston
Scientiﬁc

Catheter type

1

1

1

4, 4

1

-, 4

Distal
electrode
size (mm)

-

4

-

1.5-5-2,
0.5-5-2

8

-, 2.5

Interelectrode
spacing
(mm)

-

-

-

-

-

32-300

Filter
(Hz)
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2014

2011

2012

2008 % CFE:
patients

2008 % CFE:
EGMs

Nakahara 30

Hunter 31

Nagashima 32

Lin 33

Verma 34

% CFE:
patients

% CFE:
EGMs

% CFE:
EGMs

% CFE:
EGMs

2012

Matsuo 29

Type

Year

Author

Table 1 - Continued

PsAF

Mixed

Mixed

PsAF

PsAF

PsAF

PAF/
PsAF

24

27 (13)

34 (16)

20

35

40

No. of
patients
(PAF)

LA

LA

LA

LA

LA

LA

LA/
RA

5

Time
window
(s)

10

Mean CL
≤120 ms

Mean CL
≤120 ms

6

1

M e an CL 5
50-120 ms

Continuous
deﬂections
of ≥70 ms
width and
occupying
at least
≥70% of
the time
window

M e an CL 5
50-120 ms

Mean CL
≤120 ms

CFE
deﬁnition

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Uni/
bipolar

Decapolar circular
mapping catheter,
Biosense Webster

EPT Blazer catheter,
Boston Scientiﬁc

20-pole Livewire
Spiral HP catheter, St
Jude Medical

14-pole 14.5-25mm
PV mapping catheter,
Orbiter PV

20-pole 20mm
Inquiry AFocusII, St
Jude Medical

20-pole double
circular Inquiry
AFocusII, St Jude
Medical

Catheter type

Interelectrode
spacing
(mm)
4

4

5

1.5

2.5
2

Distal
electrode
size (mm)
1

1

1

-

4
1

30-500

-

30-500

30-250

-

-

Filter
(Hz)
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62

2010

2013

2008 % CFE:
patients

2011

2008 % CFE:
EGMs

Miyamoto 36

Kofune 37

Estner 38

Chen 39

Tada 40

% CFE:
patients

% CFE:
patients

% CFE:
patients

2008 % CFE:
patients

Oral 35

Type

Year

Author

Table 1 - Continued

Mixed

PAF

PsAF

Mixed

Mixed

PsAF

PAF/
PsAF

44 (25)

58

35

23 (14)

20 (16)

85

No. of
patients
(PAF)

CFE
deﬁnition

LA

LA

LA

LA

LA

5

-

Time
window
(s)

10

Width ≥80
ms with
isoelectric
interval

>5

M e an CL 6
50-120 ms

>2
deﬂections
and/or CEA
or mean CL
≤120 ms

M e an CL 5
50-120 ms

Mean CL
≤120 ms

Both Mean CL
≤120 ms or
shorter than
CL in the CS
or CEA

LA/
RA

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Uni/
bipolar

ThermoCool
quadripolar catheter,
Biosense Webster

ThermoCool
quadripolar catheter,
Biosense Webster or
quadripolar catheter
IBI, St Jude Medical

-

20-pole Livewire
Spiral HP, St Jude
Medical

-

ThermoCool
quadripolar catheter,
Biosense Webster

Catheter type

3.5

3.5, -

-

-

8

3.5

Distal
electrode
size (mm)

2-5-2

2-5-2, -

-

1.5

2

2-5-2

Interelectrode
spacing
(mm)

30-500

30-500

-

30-500

-

30-500

Filter
(Hz)
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2008 % CFE:
patients

2009 % CFE:
patients

2010

2009 % CFE:
EGMs

Verma 42

Di Biase 43

Verma 44

Redfearn 45

% CFE:
patients

% CFE:
EGMs

2011

El Haddad 41

Type

Year

Author

Table 1 - Continued

PAF

Mixed

PAF

Mixed

PsAF

PAF/
PsAF

10

34 (21)

34

35 (21)

13

No. of
patients
(PAF)

Mean CL
≤120 ms

Nonfractionated
potentials
separated
by an
isoelectric
interval

CFE
deﬁnition

LA

5

10

5

2.5

Time
window
(s)

M e an CL 4
50-120 ms

Both Mean CL
≤120 ms

Both >2
deﬂections
or CEA or
mean CL
≤120 ms

LA

LA

LA/
RA

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Uni/
bipolar

Lasso catheter
and ThermoCool
quadripolar catheter,
Biosense Webster

Decapolar circular
catheter, Biosense
Webster and/or
Therapy Cool Path
catheter, St Jude
Medical

ThermoCool
quadripolar catheter,
Biosense Webster

Decapolar circular
mapping catheter,
Biosense Webster

14-pole circular
Orbiter PV, Boston
Scientiﬁc and
ThermoCool
quadripolar catheter,
Biosense Webster

Catheter type

Interelectrode
spacing
(mm)
5, 2-5-2

2

2-5-2

2, 2-5-2

-, 2-5-2

Distal
electrode
size (mm)
1, 3.5

1

3.5

1, 3.5

1, 3.5

-

30-500

-

30-500

30-400

Filter
(Hz)
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2008 % CFE:
EGMs

2008 % CFE:
patients

2008 % CFE:
patients

Calo 46

Estner 47

Porter 48

Type

Year

Author
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Mixed

PsAF

PsAF

PAF/
PsAF

67 (42)

23

25

No. of
patients
(PAF)

CFE
deﬁnition

LA

LA

≥7 intervals
of 60-120
ms between
successive
peaks
(0.050.15mV)

>2
deﬂections
and/or CEA
or mean CL
≤120 ms

Both ≥10 intervals
of 70-120
ms between
successive
peaks
(0.050.15mV)

LA/
RA

2.5

2.5, 5

2.5

Time
window
(s)

Bipolar

Bipolar

Bipolar

Uni/
bipolar

ThermoCool
quadripolar catheter
and circular Lasso,
Biosense Webster

10 mm Lasso,
Biosense Webster or
14.1 mm Orbiter PV,
Boston Scientiﬁc

ThermoCool
quadripolar catheter,
Biosense Webster

Catheter type

3.5, -

-, 1

3.5

Distal
electrode
size (mm)

2-5-2, -

-, 5

2-5-2

Interelectrode
spacing
(mm)

30-400

-

-

Filter
(Hz)
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2008 % CFE:
patients

2009 % CFE:
EGMs

Roux 50

Roux 51

PsAF

PsAF

Mixed

PAF/
PsAF

20

15

18 (7)

No. of
patients
(PAF)

CFE
deﬁnition

LA

LA

Mean CL
≤120 ms

Mean CL
≤120 ms

Both Magnitude
<0.5 mV
and width
>50 ms
with >3
deviations
from
baseline
and/or CEA

LA/
RA

4

2

8.2

Time
window
(s)

Bipolar

Bipolar

Bipolar

Uni/
bipolar

10-pole 15-25 mm
Lasso, Biosense
Webster

10-pole 15-25 mm
Lasso, Biosense
Webster

7F MAP catheter,
Biosense Webster

Catheter type

Interelectrode
spacing
(mm)
-

8

8

Distal
electrode
size (mm)
4

1

1

-

-

30-500

Filter
(Hz)

CEA, continuous electrical activity (without presence of an isoelectric line); CFE, complex fractionated electrogram; CL, cycle length (time interval between
consecutive negative deﬂections); CS, coronary sinus; EGM, electrogram; LA, left atrium; PAF, paroxysmal atrial ﬁbrillation; PsAF, persistent atrial ﬁbrillation;
RA, right atrium.

% CFE:
EGMs

2011

Narayan 49

Type

Year

Author
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The distribution of fractionation within the LA
Figure 3 visualizes the observed fractionation distribution in the LA. The upper panel
illustrates that patients had fractionated EGMs (% CFE: patients) regularly within
all regions within the LA, with an overall average proportion of 60.8% (48.5-72.5%).
The proportion of patients with fractionated EGMs was highest at the LA septum
(70.7%, 62.9-78.0%) and the LA roof (68.9%, 58.7-78.2%). At the LALW and MA only
43.8% (28.6-59.7%) and 44.3% (32.6-56.2%) of the patients exhibited fractionated
EGMs respectively.

Figure 3 – Observed fractionation distribution of the left atrium (LA). Proportions are given
in weighted averages with 95% CI. N = number of included studies. Upper panel: the number
of patients with fractionated electrograms (EGMs) divided by the total number of patients
at the regions of interest (% CFE: patients). Lower panel: the number of fractionated EGMs
divided by the total number of obtained EGMs at the regions of interest (% CFE: EGMs). CFE,
complex fractionated electrogram; LAA, LA appendage; LAAW, LA anterior wall; LA-F, LA
ﬂoor; LALW, LA lateral wall; LAPW, LA posterior wall; LA-R = LA roof; LAS, LA septum; MA,
mitral annulus; PVs, pulmonary veins.

The lower panel depicts the proportion of fractionated EGMs (% CFE: EGMs) within
the LA, with an overall average proportion of 55.4% (38.9-71.2%). The proportion was
highest in the LA septum (62.7%, 51.1-73.7%) and the PVs (62.2%, 41.1-81.1%), whereas
the LA ﬂoor had the lowest proportion of fractionated EGMs (49.2%, 32.0-66.6%).
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Comparing fractionation proportions between paroxysmal AF patients and
persistent AF patients
Four articles with a PAF-only cohort, 18 articles with a PsAF-only cohort and six
articles with a mixed cohort – describing the fractionation distribution separately
for PAF and PsAF patients – could be used for comparisons. Figure 4 shows the
fractionation distribution within the LA for both PAF and PsAF patients.
The upper panel illustrates that the proportion of PAF patients that had fractionated
EGMs (% CFE: patients) was highest at the LA ﬂoor (94%, N=1) and the LA roof (80.9%,
33.7-99.8%), whereas for PsAF patients it was highest at the LA septum (69.8%, 60.078.8%) and LA ﬂoor (67.6%, 52.9-80.7%). For both PAF and PsAF patients, the LALW
had the least proportion of patients with fractionated EGMs (19%, N=1 and 55.1%,
46.4-63.7%). Average overall proportion was 62.5% (34.2-86.6%) for PAF and 63.3%
(48.4-76.8%) for PsAF patients. None of the regions showed signiﬁcant differences
in fractionated EGM occurrence between PAF and PsAF patients (Table 2).
As seen in the lower panel, PAF patients exhibited most fractionated EGMs
(% CFE: EGMs) at the LA septum (66.2%, 39.9-88.0%) and LA roof (63.6%, 45.9-79.6%),
whereas for PsAF patients the LAA (72.5%, 60.9-82.7%) and LA septum (64.8%, 51.277.2%) showed most fractionated EGMs. The MA showed the lowest proportion (34%,
N=1) of fractionated EGMs for PAF patients and the LA ﬂoor (50.5%, 32.4-68.6%) for
PsAF patients. Average overall proportion was 55.8% (42.2-75.8%) for PAF and 60.5%
(40.4-78.9%) for PsAF patients. None of the regions showed signiﬁcant differences
in fractionated EGM proportions between PAF and PsAF patients (Table 2).
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Figure 4 – Observed fractionation distribution of the left atrium (LA) for paroxysmal atrial
ﬁbrillation (PAF) and for persistent atrial ﬁbrillation (PsAF) patients. Proportions are given
in weighted averages with 95% CI. N = number of included studies. Upper panel: the number
of patients with fractionated electrograms (EGMs) divided by the total number of patients
at the regions of interest (% CFE: patients). Lower panel: the number of fractionated EGMs
divided by the total number of obtained EGMs at the regions of interest (% CFE: EGMs).
CFE, complex fractionated electrogram; LAA, LA appendage; LAAW, LA anterior wall; LA-F,
LA ﬂoor; LALW, LA lateral wall; LAPW, LA posterior wall; LA-R, LA roof; LAS, LA septum; MA,
mitral annulus; PVs, pulmonary veins.

Table 2 – P-values left atrium (LA) regions comparing fractionation proportions (if N>1) of
patients with paroxysmal atrial ﬁbrillation (AF) and (longstanding) persistent AF, based on the
DerSimonian-Laird random effects logistic regression model.
Type
% CFE: patients
% CFE: EGMs

PVs
0.33
0.32

LAA
0.63
-

LAS
0.75
0.92

LAPW
0.43
0.43

LALW
-

LAAW
0.37
0.72

LA-F
0.28

LA-R
0.53
0.93

MA
0.25
-

CFE, complex fractionated electrogram; EGM, electrogram; LAA, LA appendage; LAAW, LA anterior
wall; LA-F, LA ﬂoor; LALW, LA lateral wall; LAPW, LA posterior wall; LA-R, LA roof; LAS, LA septum;
MA, mitral annulus; PVs, pulmonary veins
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The distribution of fractionation within the CS
The distribution of fractionation within the CS was described in 11 articles. At the
CS, the proportion of patients with either PAF or PsAF displaying fractionated
EGMs was 58.2% (44.1-71.6%) (% CFE: patients, N=9), whereas the proportion of
fractionated EGMs was 68.1% (16.2-99.8%) (% CFE: EGMs, N=2).
The distribution of fractionation within the RA
Only ﬁve articles described the distribution of fractionation within the RA (N=3 %
CFE: patients, N=2 % CFE: EGMs). Noteworthy, the article of Oral et al. only mapped
the RA in a subgroup of patients (33/85) in whom AF persisted after LA and CS CFE
ablation.35 Figure 5 illustrates the reported fractionation distribution in the RA.
The upper panel illustrates that the proportion of patients that had fractionated
EGMs (% CFE: patients) was highest at the CT (63.5%, 24.2-94.4%) and the RA septum
(38.7%, 31.2-46.5%), whilst only 10.4% (6.1-15.7%) of patients had fractionation at the
TA. The overall average proportion was 29.3% (17.2-40.7%). The proportions of the
RAPW, RALW and RA roof were not provided in any of the three articles.
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Figure 5 – Observed fractionation distribution of the right atrium (RA). Proportions are
given in weighted averages with 95% CI. N = number of included studies. Upper panel: the
number of patients with fractionated electrograms (EGMs) divided by the total number of
patients at the regions of interest (% CFE: patients). Lower panel: the number of fractionated EGMs divided by the total number of obtained EGMs at the regions of interest (% CFE:
EGMs). CFE, complex fractionated electrograms; CVs, caval veins; CT, crista terminalis; EGMs,
electrograms; RAA, RA appendage; RAAW, RA anterior wall; RALW, RA lateral wall; RAPW,
RA posterior wall; RA-R, RA roof; RAS, RA septum; TA, tricuspid annulus.

As seen in the lower panel, the RA roof showed the highest proportion of
fractionated EGMs (67%, N=1) (% CFE: EGMs), whilst the RAPW exhibited the lowest
number of fractionated EGMs (20%, N=1). Average overall proportion was 43.0%
(11.9-90.3%). Fractionation numbers for the CVs and CT were not provided in the
two articles.
Given the very low number of articles describing the distribution of fractionated
EGMs within the RA, no sub-analysis was performed comparing the fractionation
distribution between PAF and PsAF patients.
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Discussion
Clinical perspective
Initially CFEs were considered promising targets for ablative therapy of PVI-resistant
AF, until recent low success rates led to doubt regarding its utility in clinical practice.
Nowadays, CFE ablation alone is favored less, whereas hybrid ablation, combining
surgical intervention with catheter ablation, is an emerging therapy for PsAF.
Hybrid ablation entails anatomic elimination of atrial activity in a wide area of LA
– inclusive CFE areas – and has shown truly promising results in the treatment of
PsAF patients.52-55 No randomized controlled trials however have been performed
yet to demonstrate effectiveness and safety relative to other ablative techniques
(combined and alone).
Whilst atrial inhomogeneous conduction is widely believed to play a key role in
initiation and maintenance of AF, identiﬁcation of the responsible substrate tissue
based on EGM morphology alone has been proven to be difficult. Both an intricate
milieu of normal tissue response to differences in electrophysiological properties
of the underlying myocardium (i.e. different refractoriness or different conduction
velocities) and pathologic tissue critical for maintenance of AF is believed to
impact EGM morphology.9, 10, 12 Our review shows that high occurrence rates of
CFEs are common in all regions of both atria. Simply targeting all CFEs would be
very extensive, would unnecessarily increase scarring of healthy atrial tissue and
increase the risk of post-ablative iatrogenic atrial tachyarrhythmias.
Relation between atrial anatomy and fractionation
Regional disparity of endocardial atrial activation during AF in humans was ﬁrstly
observed in the study of Jais et al.56 Several years later the fundamental study of
Nademanee et al. concluded fractionated EGMs to be predominantly located in
the interatrial septum (IAS), PVs, LA roof and proximal CS.4 These anatomic regions
harbor changes in muscle thickness, myocardial cell size, extracellular resistance,
ﬁber orientation and cell-to-cell coupling, potentially enabling heterogeneous
conduction rather than homogeneous conduction.4, 9, 57, 58 Summarizing all studies
performed on this topic however, our ﬁndings indicate that high occurrence rates of
CFEs are not restricted to the IAS, PVs, LA roof and CS, but can be found abundantly
within all areas of both atria. Aside from fractionation due to artifacts, the anatomic
nature of atrial tissue itself seems an inherent hotspot for fractionation. Although
still used in clinical practice, automated fractionation detection algorithms are
unable to distinguish between “physiologic CFEs” and “pathologic CFEs” (illustrated
in Figure 6), while only the latter reﬂects potential targets for ablative therapy of
AF. As frequent causes of physiological fractionation are believed to be electrical
activation of overlaying myocardial cells (due to embryologic development)
and functional anisotropy, imaging (e.g. cardiac MRI) and histology techniques,
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particularly if combined with high-resolution AF mapping studies, have high
potential to characterize fractionation. Future studies in this ﬁeld could aid in
unraveling the role of pathological fractionation in substrate-mediated AF.

Figure 6 – Fractionation in bipolar electrograms. A, characteristics of normal and fractionated potentials. Homogeneous conduction results in a normal potential, whereas inhomogeneous conduction, either due to functional anisotropy or pathological barriers between
myocardial ﬁbers, results in fractionated potentials. B, schematic example illustrating two
automated methods for fractionation detection: CFE-mean (mean cycle length between
successive peaks >0.05 mV) and ICL (intervals of 70-120 ms between successive peaks
0.05-0.15mV). A complex fractionated electrogram (CFE) was deﬁned as CFE-mean ≤ 120
ms or interval conﬁdence level (ICL) ≥ 7 in this 2.5s AF electrogram. Example calculations:
CFE-mean = (180+15+180+140+200+125+35+125+15+190+155+25+15+118+ 22+195+115+25+12+35+
95+150+135+25+85)/25; ICL = number of intervals 70-120 ms = 4.

It is generally assumed that structural and electrophysiological remodeling is more
pronounced in the LA than RA.59 Speciﬁcally PsAF patients show more widespread
CFE occurrence in both atria than PAF patients.4, 48, 60-62 In our study fractionation
was indeed found in a somewhat lesser extent in the RA, but due to the limited
number of articles that analyzed fractionation distribution in the RA we could not
conﬁrm this hypothesis.
Only endocardial studies were included in this review. Proof of electrical dissociation
between the endocardial and epicardial layer has been shown in animals63 and
humans64 with (persistent) AF, and could potentially also play a major role in
occurrence of CFEs. Simultaneous high-resolution mapping of the epicardial and
endocardial wall could clarify this relation in the future.
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Fractionation occurrence in paroxysmal AF and persistent AF patients
Only a few articles described the fractionation distribution throughout the LA
in PAF patients, complicating the comparison between PAF and PsAF patients.
In general, fractionation is believed to play a more pivotal role in PsAF patients
than PAF patients. However, in our review no signiﬁcant differences were found in
fractionation proportions between PAF and PsAF patients in any of the LA regions.
Highest fractionation proportions were found at varying LA regions in PAF and
PsAF patients. Particularly in PAF patients, the PV ostia are considered important for
initiation and perpetuation of AF1, 65 and have been linked to a higher occurrence
of fractionated EGMs66, 67. In our review however, PAF patients exhibited most
fractionated EGMs at the LA ﬂoor, and not at the PV area. PAF patients showed
(non-signiﬁcantly) less fractionation at the PV area than PsAF patients.
Limitations of our study
A wide variety of mapping catheters are used within studies (Table 1). Importantly,
many measurement properties of these catheters, e.g. unipolar/bipolar,
interelectrode spacing, distal electrode size and even ﬁlter and ampliﬁcation
settings, are known to impact EGM morphology. Bipolar recordings, used in
the majority of studies, are susceptive to fractionation when the direction of the
propagating wavefront changes.9, 15 Furthermore, recent studies showed that
fractionation increased with increasing electrode spacing in bipolar recordings.68
A narrow interelectrode spacing is therefore preferable for detection of true
fractionation.69 As the cardiac EGM displays the sum of activation potentials from
all muscle ﬁbers in close proximity to the electrode, electrode size also directly
inﬂuences fractionation occurrence.70 Within the included studies, electrode size
ranged between 1 and 8 mm and interelectrode spacing between 0.5 and 8 mm.
Distribution notations and boundaries of the 9 LA regions and 9 RA regions varied
throughout the literature. Additionally, deﬁnition of CFEs varied between studies
(Table 1). The majority of studies (N=25) used the NavXTM automated ‘CFE-mean’
algorithm, in which CFEs are generally considered to occur when the mean cycle
length (CL) is ≤120 ms within the selected time window. Other studies included the
number of deﬂections, span of activation and width in their deﬁnition. As illustrated
in Figure 6, indices of bipolar CFEs correlate poorly with each other and with
fractionation indices derived from unipolar electrograms.68
The obvious heterogeneity in used deﬁnitions and settings seriously complicates
comparison of studies and could also partly be responsible for the lack of clinical
success addressing CFE ablation studies, emphasizing the need for technological
improvements and standardization of CFE mapping systems.
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Conclusion
Fractionation was commonly found in high proportions within all regions of both
atria and without a clear preference for speciﬁc sites. Furthermore, no differences
were observed in fractionation proportions between PAF and PsAF patients within
the LA and RA. Simply targeting all CFEs would be very extensive and short-sighted.
Further research should therefore focus on how to distinguish “physiologic CFEs”
from “pathologic CFEs”, with only the latter reﬂecting potential targets for ablative
therapy of AF.
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Chapter 5

Abstract
Background
Using unipolar atrial electrogram morphology as guidance for ablative therapy
is regaining interest. Although standardly used in clinical practice during ablative
therapy, the impact of ﬁlter settings on morphology of unipolar AF potentials is
unknown.
Methods
Thirty different ﬁlters were applied to 2,557,045 high-resolution epicardial AF
potentials recorded from ten patients. Deﬂections with slope ≤-0.05mV/ms and
amplitude ≥0.3mV were marked.
Results
High-pass ﬁltering decreased the number of detected potentials, deﬂection
amplitude, percentage of fractionated potentials (≥2 deﬂections) as well as
fractionation delay time (FDT) and increased percentage of single potentials.
Low-pass ﬁltering decreased the number of potentials, percentage of fractionated
potentials, whereas deﬂection amplitude, percentage of single potentials and
FDT increased. Notch ﬁltering (50Hz) decreased the number of potentials and
deﬂection amplitude, whereas the percentage of complex fractionated potentials
(≥3 deﬂections) increased.
Conclusion
Filtering signiﬁcantly impacted morphology of unipolar ﬁbrillation potentials,
becoming a potential source of error in identiﬁcation of ablative targets.
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Introduction
Although insight into the pathophysiologic basis of fractionated atrial electrograms
has increased in the past years, its “fact or artifact” remains a topic of debate.
Extracellular electrograms – recorded directly from the heart – are generated by
depolarization of cardiomyocytes, so signal morphology could provide information
about the electrophysiological characteristics of the underlying myocardium.1 Atrial
potentials consisting of multiple components (i.e. fractionated) have been linked
to abnormal conduction and arrhythmogenicity in patients with atrial ﬁbrillation
(AF)1, 2, which led to targeted ablation of such fractioned potentials. However, the
link between morphology of atrial potentials and pathology has proven to be
anything but straightforward, considering that multiple physiological mechanisms
and measurement properties, such as ﬁltering, can cause fractionated potentials as
well.3, 4 In the 1980s Waxman and Sung discovered the phenomenon of frequencydependent fractionation in human bipolar ventricular electrograms.5 Klitzner and
Stevenson showed that increasing the high-pass ﬁlter frequency above 10 Hz
decreased potential duration and amplitude, whereas low-pass ﬁltering altered
potential amplitude slightly if decreased up to 100 Hz.6 Such low- and high-pass
ﬁlters are commonly used in clinical practice, as well as utilization of a 50 Hz (or
60 Hz) notch ﬁlter to suppress power-line interference.
Despite the clinical failure of targeting complex fractionated atrial electrograms
(CFAEs) as stand-alone therapy7-9, using atrial electrogram morphology as
guidance for ablative therapy is regaining interest10. Up till recently, most clinically
used ablative systems preferred bipolar above unipolar measurements, given
its ability to reduce far-ﬁeld potentials.11 However, bipolar signals fail to represent
incoherent waves during AF, which is why currently emerging innovative ablative
systems, such as RhythmViewTM and AcQMap®, prefer unipolar electrograms
to identify local activation.12, 13 As the study of van der Does et al. demonstrated
electrogram morphology at the epi- and endocardium to be comparable14 ,
epicardial electrograms are suitable to investigate signal morphology, particularly
as direct contact between the electrode and atrial tissue can be assured.
To our knowledge, the impact of ﬁltering on unipolar ﬁbrillation potentials has
never been investigated in humans. This study therefore aims to elucidate the
consequences of high-pass, low-pass and notch ﬁltering on unipolar ﬁbrillation
potentials in AF patients.
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Methods
Study population
The study population consisted of ten adult patients with a history of paroxysmal or
persistent AF undergoing elective open heart mitral valve surgery in the Erasmus
Medical Center Rotterdam. This study was approved by the institutional medical
ethical committee (MEC 2010-054/MEC 2014-393).15, 16 Written informed consent
was obtained from all patients. Patient characteristics (e.g. age, medical history,
date of AF diagnosis) were obtained from the patient’s ﬁle.
Mapping procedure
Epicardial high-resolution mapping was performed prior to commencement to
extra-corporal circulation, as previously described in detail.17-19 A temporal bipolar
epicardial pacemaker wire attached to the RA free wall served as a reference
electrode. A steel wire ﬁxed to the subcutaneous tissue of the thoracic cavity was
used as an indifferent electrode. Epicardial mapping was performed with a
192-electrode array (electrode diameter 0.45mm, interelectrode distances 2.0 mm).
The right pulmonary vein (PV) area was mapped from the sinus transversus fold
along the borders of the right pulmonary vein down towards the atrioventricular
groove (as illustrated in the left panel of Figure 1). Ten seconds of AF were recorded,
including a surface ECG lead, a calibration signal of 2mV and 1000ms, a bipolar
reference electrogram and all unipolar epicardial electrograms. Data was stored
on a hard disk after ampliﬁcation (gain 1000), ﬁltering (band-pass 0.5-400 Hz),
sampling (1 kHz) and analogue to digital conversion (16 bits).
Filter settings
The impact of additional high-pass, low-pass and notch ﬁltering (i.e. narrow
band-stop ﬁlter), as illustrated in the middle panel of Figure 1, was investigated
by changing ﬁlter settings one at a time, while keeping the others at default:
- High-pass ﬁlter: 0.5 (default), 1, 2, 3, 5, 10, 20, 30, 40, 50, 60, 70, 75, 80, 90, 100 Hz
- Low-pass ﬁlter: 400 (default), 300, 250, 200, 150, 100, 75, 60, 50, 40, 30, 20, 10 Hz
- Notch ﬁlter at 50 Hz: off (default) and on
Settings were based on frequently used ﬁlter options within clinical mapping
systems. Signals were zero-phase ﬁltered with IIR Butterworth low- and high-pass
ﬁlters (2nd-order: 12 dB/octave roll-off) and/or IIR notch ﬁlter with a quality factor
of 30. Bode plots of the three ﬁlters are illustrated in Supplemental ﬁgure 1.
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Figure 1 – Schematic representation of mapping analysis. Left: the right pulmonary vein
(PVR) area is mapped from the sinus transversus fold along the borders of the PVR down towards the atrioventricular groove. Using a 192-electrode array ten seconds of AF is recorded.
Middle: simplistic illustration of different ﬁltering modes. Right: morphology analysis of all
ﬁbrillation potentials. The peak-to-peak amplitude of each deﬂection (mV), fractionation (f,
number of deﬂections) and fractionation delay time (FDT) is derived. Fibrillation potentials
were classiﬁed as either single potential (f = 1), double potential (f = 2) or complex fractionated potential (f ≥ 3). The steepest deﬂection of a potential is classiﬁed as the primary
deﬂection (and marked as the local activation time), whereas additional deﬂections are
classiﬁed as secondary deﬂections. BB, Bachmann’s bundle; ICV, inferior caval vein; LA, left
atrium; LAA, left atrial appendage; LAT, local activation time; PVL, left pulmonary vein; RA,
right atrium; RAA, right atrial appendage; SCV, superior caval vein.

Data analysis
Electrogram morphology was semi-automatically analyzed in custom-made
Python 3.6 software. Deﬂections of atrial potentials were automatically marked if
the slope was ≤-0.05 mV/ms and the amplitude ≥0.3 mV; the refractory period was
set to 40 ms20. The steepest negative deﬂection of a potential was classiﬁed as the
‘primary deﬂection’ and marked as the local activation time (LAT), whereas – in case
of a fractionated potential – additional deﬂections were classiﬁed as ‘secondary
deﬂections’. Electrograms with injury potentials and artifacts were excluded from
analysis by manual assessment and consensus of two independent investigators.
For each different ﬁlter setting, peak-to-peak amplitude (voltage), fractionation (f,
number of deﬂections) and fractionation delay time (FDT, time interval between
ﬁrst and last deﬂection) of atrial potentials were analyzed. Peak-to-peak amplitude
was analyzed for all deﬂections, as well as for primary and secondary deﬂections
separately. FDT was only derived for fractionated potentials (f ≥ 2). For each
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morphology parameter median values of all atrial potentials within the 192-array
were derived and compared between ﬁlter settings. In addition, each ﬁbrillation
potential was classiﬁed as either single potential (SP, f = 1), double potential (DP,
f = 2) or complex fractionated potential (CFP, f ≥ 3). Figure 1 (right panel) illustrates
derivation of morphology parameters and classiﬁcation of ﬁbrillation potentials.
Statistical analysis
The impact of ﬁltering on characteristics of unipolar ﬁbrillation potentials, including
amplitude, fractionation and FDT, was analyzed using linear mixed effect models,
while accounting for clustered data within a patient. Analyses were done for the
three different types of ﬁltering separately: low-pass, high-pass and notch ﬁltering.
The basic model only included a random intercept and presumed no relation
between ﬁltering and morphology characteristics. Based on the Akaike Information
Criterion it was checked whether addition of a random slope improved the model.
To model any non-linearity two splines were used. Residual plots were reviewed
and log or square root transformed data was used if deviations from normality
were observed. Statistical signiﬁcance was tested using the Likelihood Ratio test. A
p-value <0.05 was considered statistically signiﬁcant. All statistical analyses were
performed using R Statistical Software (RStudio, Inc., Boston, MA; version 1.0.153).

Results
Patient characteristics (n = 10) are shown in Table 1. All patients had a history of AF
(paroxysmal n = 4, persistent n = 6) and age ranged from 56 to 77 years. In total,
3000 seconds of AF recordings were analyzed, consisting of 2,557,045 ﬁbrillation
potentials.
Table 1 – Patient characteristics
Study ID
1
2
3
4
5
6
7
8
9
10

Underlying heart
disease
MVD
MVD + IHD
MVD + IHD
MVD
MVD
MVD
MVD
MVD + IHD
MVD
MVD

Age (y)

Gender

BMI

Type of AF

70
75
67
65
77
66
56
70
64
74

M
M
M
M
F
M
M
M
F
M

25.3
32.3
21.8
25.6
26.7
23.2
26.4
24.2
34.6
22.1

Paroxysmal
Persistent
Persistent
Persistent
Persistent
Persistent
Persistent
Paroxysmal
Paroxysmal
Paroxysmal

Time since AF
diagnosis (y)
5.61
2.07
0.25
20.33
0.72
1.13
0.61
0.06
0.59
0.28

AF, atrial ﬁbrillation; BMI, body mass index; F, female; IHD, ischemic heart disease; M, male; MVD,
mitral valve disease.

88

The impact of filter settings on morphology of unipolar fibrillation potentials

The impact of frequently used high-pass, low-pass and notch ﬁlter settings on
morphology of one example of a fractionated ﬁbrillation potential is illustrated in
Figure 2. General consequences of all ﬁlter settings are discussed in the sections
below.

5

Figure 2 – Illustration of the impact of frequently used ﬁlter settings, i.e. high-pass, lowpass and notch ﬁltering, on morphology of one fractionated unipolar ﬁbrillation potential.
Detected deﬂections are marked with orange vertical lines, a solid line representing the
primary deﬂection and dashed lines the secondary deﬂections. The corresponding time
interval between adjacent deﬂections is given (in ms).

Impact of high-pass ﬁltering on morphology of ﬁbrillation potentials
Increasing the high-pass ﬁlter frequency had a negative impact on the number
of detected ﬁbrillation potentials and deﬂection amplitudes, as illustrated in Figure
3. In the entire study population, the percentage of detected ﬁbrillation potentials
gradually decreased, with a loss ranging from 27.2% to 74.5% at the maximum highpass frequency of 100 Hz (p<0.01, left upper panel). The overall median deﬂection
amplitude decreased with increasing high-pass ﬁltering for all patients (from 0.590.96 mV to 0.44-0.57 mV, p<0.01, right upper panel). This negative impact was also
observed for median primary and secondary deﬂection amplitudes separately
(p<0.01), and was primarily caused by loss of high amplitude deﬂections, as
illustrated in the histograms in the lower panel of Figure 3 (obtained from one
representative patient).
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Figure 3 – The impact of high-pass ﬁltering on detection of ﬁbrillation potentials and deﬂection amplitude. Upper left: the number of detected ﬁbrillation potentials, expressed as
a percentage of maximal number of ﬁbrillation potentials within the patient, of all patients.
Upper right: overall median deﬂection amplitude of all patients. Lower left: stacked barplots of median primary deﬂection amplitude of one patient. Lower right: stacked bar-plots
of median secondary deﬂection amplitude of one patient. For both lower ﬁgures, the data
of patient 1 was taken as a representative case for all patients. The dotted vertical lines
represent the median value of the corresponding stacked bar-plot, representing high-pass
ﬁltering at 0.5, 20, 50 or 100 Hz.

The impact of high-pass ﬁltering on the degree of fractionation, i.e. FDT and
distribution of the different ﬁbrillation potential types, is illustrated in Figure 4. As
observed in the left panel of Figure 4, increasing the high-pass ﬁlter frequency from
0.5 Hz to 100 Hz resulted in a slightly increasing percentage of SPs (from 36.1-57.6%
to 31.6-70.2%) at the cost of (primarily) CFPs (from 15.9-36.0% to 7.3-37.8%), whereas
only a minimal decline in the percentage of DPs was observed (from 25.8-32.9%
to 22.5-31.6%) in all patients (all p<0.01). High-pass ﬁltering decreased median FDT
for all patients (from 16.0-25.0 ms to 11.0-15.0 ms, right upper panel), primarily due
to a loss of fractionated potentials with a long FDT (right lower panel, histogram
of one representative patient).
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Figure 4 – The impact of high-pass ﬁltering on fractionation. Upper left: the percentage fractionated potentials (two or more deﬂections per potential, expressed as a percentage of total
detected ﬁbrillation potentials) of all patients. Upper right: fractionation delay time (FDT, time
interval between ﬁrst and last deﬂection) of all patients. Lower left: stacked bar-plots of potential types obtained from one patient. Potential type is either single (one deﬂection), double
(two deﬂections) or complex (three or more deﬂections) and expressed as a percentage of
the total number of detected ﬁbrillation potentials. Lower right: stacked bar-plots of median
FDT obtained from one patient. The dotted vertical lines represent the median value of the
corresponding stacked bar-plot representing high-pass ﬁltering at 0.5, 20, 50 or 100 Hz. For
both lower ﬁgures, the data of patient 1 was taken as a representative case for all patients.

Impact of low-pass ﬁltering on morphology of ﬁbrillation potentials
The impact of decreasing the low-pass ﬁlter frequency on morphology of unipolar
ﬁbrillation potentials is shown in Figure 5 and Figure 6. The left upper panel of
Figure 5 indicates an exponentially decreasing percentage of detected ﬁbrillation
potentials with decreasing the low-pass ﬁlter frequency (p<0.01). As examples,
low-pass ﬁltering at 250 Hz induced a 2.5-11.6% loss of ﬁbrillation potentials, which
was 5.6-20.7% at 150 Hz and 20.3-58.4% at 75 Hz. Decreasing the low-pass ﬁlter
frequency exponentially increased the median deﬂection amplitude for all patients
(from 0.59-0.96 mV to 1.82-2.40 mV, right upper panel), a trend that was also
observed within primary and secondary deﬂections separately. This increase in
deﬂection amplitude is primarily caused by a loss of low amplitude deﬂections, as
observed in the lower panel (histograms of one representative patient).
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In Figure 6 the impact of low-pass ﬁltering on fractionation is visualized. The left
upper panel illustrates a rapid decline of the percentage fractionated potentials
(p<0.01). Decreasing the low-pass ﬁlter frequency increased the percentage of SPs
(from 36.1-57.6% to 100%) at the cost of both DPs (from 25.8-32.9% to 0%) and CFPs
(from 15.9-36.0% to 0%). For all patients, the impact of low-pass ﬁltering on DPs
was mainly when ﬁltering at 150 Hz or lower, whereas presence of CFPs diminished
almost linearly at frequencies below 400 Hz until none were left (left lower panel,
stacked bar plot of one representative patient). Decreasing the low-pass ﬁlter
frequency from 400 to 100 Hz did not substantially increase median FDT (from 16.025.0 ms to 19.0-24.0 ms respectively, right upper panel), since both fractionated
potentials with a short and long FDT disappeared due to the ﬁltering (right lower
panel). Low-pass ﬁltering below 100 Hz however resulted in a steep rise of FDT (up to
38.0 ms at 30 Hz), due to the exponential loss of fractionated potentials (right lower
panel). The relation between FDT and low-pass ﬁltering was signiﬁcant (p<0.01).

Figure 5 – The impact of low-pass ﬁltering on detection of ﬁbrillation potentials and deﬂection amplitude. Upper left: the number of detected ﬁbrillation potentials (expressed as
a percentage of maximal number of ﬁbrillation potentials within the patient) of all patients.
Upper right: overall median deﬂection amplitude of all patients. Lower left: stacked barplots of median primary deﬂection amplitude of one patient. Lower right: stacked bar-plots
of median secondary deﬂection amplitude of one patient. For both lower ﬁgures, the data
of patient 1 was taken as a representative case for all patients. The dotted vertical lines
represent the median value of the corresponding stacked bar-plot, representing low-pass
ﬁltering at 400, 200, 100 or 50 Hz.
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Figure 6 – The impact of low-pass ﬁltering on fractionation. Upper left: the percentage fractionated potentials (two or more deﬂections per potential, expressed as a percentage of total
detected ﬁbrillation potentials) of all patients. Upper right: fractionation delay time (FDT, time
interval between ﬁrst and last deﬂection) of all patients. Lower left: stacked bar-plots with the
distribution of potential types of one patient. Potential type is either single (one deﬂection),
double (two deﬂections) or complex (three or more deﬂections). Distribution is expressed
as a percentage of the total detected ﬁbrillation potentials. Lower right: stacked bar-plots
of median FDT of one patient. The dotted vertical lines represent the median value of the
corresponding stacked bar-plot representing low-pass ﬁltering at 400, 200, 100 or 50 Hz. For
both lower ﬁgures, the data of patient 1 was taken as a representative case for all patients.

Impact of notch ﬁltering on morphology of ﬁbrillation potentials
As indicated in Table 2, notch ﬁltering slightly decreased deﬂection amplitude and
increased the percentage of CFPs, whereas no effect on FDT and the percentage
of SPs and DPs was observed. Applying a notch ﬁlter at 50 Hz induced a loss of ~1%
detected ﬁbrillation potentials (from 9234-14545 to 9234-14405 potentials, p=0.01).
This signiﬁcant, yet minimal, effect was also observed in a decrease in median
deﬂection amplitude (from 0.59-0.96 mV to 0.59-0.95 mV, p<0.01). Median FDT
was not affected by notch ﬁltering (from 16.0-25.0 ms to 16.0-25.0 ms, p=NS). Notch
ﬁltering also had no effect on the percentage of SPs and DPs (from 36.1-57.6% to
35.8-57.6% and from 25.8-32.9% to 25.8-32.3% respectively, p=NS), but did increase
the percentage of CFPs signiﬁcantly (from 15.9-36.0% to 16.2-37.0%, p=0.0157).
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Table 2 – Impact of notch ﬁltering on unipolar ﬁbrillation potential morphology
Study ID

Δ Number
of detected
ﬁbrillation
potentials
1
-42
2
-76
3
-132
4
0
5
-213
6
-140
7
-61
8
14
9
-11
10
-190
min – max -213 – 14
p-value

0.0043 *

Δ Median
deﬂection
amplitude (mV)

Δ Singles
(%)

Δ Doubles
(%)

Δ Complex
(%)

Δ Median
FDT (ms)

-0.0125
-0.0131
-0.0094
0.0000
-0.0081
-0.0050
-0.0119
-0.0163
-0.0119
-0.0081
-0.0163 –
0.0000
<0.0001 *

0.2728
0.1949
0.2474
0.0000
-0.8585
-0.3731
-0.3039
-0.4014
0.3255
-0.1262
-0.8585 –
0.3255
0.3827

-0.5923
-0.4636
-0.1654
0.0000
0.4505
0.0758
-0.6978
0.2530
-0.4528
0.0469
-0.6978 –
0.4505
0.1973

0.3196
0.2686
-0.0820
0.0000
0.4080
0.2973
1.0017
0.1484
0.1100
0.0875
-0.082 –
1.0017
0.0157 *

0
0
0
0
0
0
0
-1
0
0
-1 – 0
0.3047

Delta values (Δ = notch ﬁlter on – notch ﬁlter off) for all parameters and corresponding p-values
based on the Likelihood Ratio test are given (* < 0.05). Potential type is either single (one deﬂection),
double (two deﬂections) or complex (three or more deﬂections). FDT, fractionation delay time.

Filtering and detection of local activation time
As a subanalysis, the impact of ﬁltering on detection of LAT was determined.
Results are described in detail in the Supplemental material. All ﬁlter settings, i.e.
all high-pass, low-pass and notch ﬁlter settings, evoked changes in LAT timing
(Supplemental ﬁgure 2). Especially with more aggressive low-pass ﬁltering, the
percentage of ﬁbrillation potentials that had a shift in LAT was high (e.g. 58.32 to
63.12% at 100 Hz). Filtering impacted LATs of all potential types (i.e. SPs, DPs and
CFPs). Nevertheless, more complex and long fractionated potentials had a greater
ΔLAT – and thus shifted more – than potentials with simpler morphology.

Discussion
All clinically used mapping systems – both unipolar and bipolar – standardly use
signal ﬁlters while ablating. Although all mapping systems have different default
ﬁlter settings, operators have the freedom and ability to change the ﬁlter settings
according to their wishes. The results of our study clearly show that ﬁltering choices
have signiﬁcant impact on unipolar signal morphology. Attempts to correct for
noise or baseline drift can therefore easily result in erroneous (under)detection
of fractionation and/or low-voltage areas and thus ablative targets during
mapping.
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Our study thereby complements and veriﬁes previously reported ﬁndings by
Schneider et al.21 and Lin et al.22, in which unipolar endocardial peak-to-peak
voltage decreased with increasing high-pass ﬁltering in patients with ectopic atrial
tachyarrhythmias and atrial ﬂutter, respectively.
Current clinical use of ﬁltering in ablative techniques
Although initially developed as a stand-alone strategy, ablation of tissue
exhibiting CFAEs is nowadays generally used as adjuvant therapy to PV isolation,
particularly in persistent AF patients.2, 23 Pathophysiological mechanisms of CFAE
include pivoting points, inhomogeneous conduction, functional conduction block,
reduced cell coupling and interstitial ﬁbrosis.2, 24 On signal level, fractionation is
often considered high-frequency content with a low-amplitude.25, 26 Accordingly,
lowering particularly the low-pass ﬁlter frequency impacted presence of (complex)
fractionated potentials in our study, since high-frequency content was eliminated.
So whilst the decision to change the low-pass ﬁlter setting during CFAE ablation
is probably made to reject high-frequency noise, detection of CFPs and thereby
ablative targets is also strongly impeded. As an example, low-pass ﬁltering at 100
Hz already eliminated up to 40% of ﬁbrillation potentials and reduced presence
of CFPs from 15.9-36.0% to 2.3-10.7% in all patients. Interestingly, increasing highpass ﬁltering did signiﬁcantly decrease the percentage of fractionated potentials,
primarily due to loss of complex fractionated potentials, as also observed in the
decreasing FDT. In comparison to the impact of low-pass ﬁltering however, this
effect is clearly less substantial. In contrary, notch ﬁltering increased presence of
CFPs (max of 1.0017% increase) by adding artiﬁcial components to the unipolar
ﬁbrillation potential, just as in bipolar measurements.3
Our results also stress the signiﬁcance of adequate (i.e. as minimal as possible)
ﬁltering for voltage mapping, as unipolar potential amplitude was impacted by
high-pass, low-pass and notch ﬁltering. Low-voltage areas (<0.5 mV) have been
linked to ﬁbrosis, poor cell-to-cell coupling, slowed and discontinuous electrical
conduction and thus maintenance of AF, motivating targeted ablation of these
areas as an isolated approach or in addition to CFAE ablation and/or PV isolation.26,
27
As our results indicate, low-pass ﬁltering decreased the number of low-amplitude
deﬂections, thereby reducing the number of potential target sites for low-voltage
ablation in clinical practice. In contrary, high-pass ﬁltering attenuated the overall
deﬂection amplitude and induced an increase in the number of low-amplitude
signals, potentially leading to erroneous overdetection of low-voltage target sites.
Notch ﬁltering did signiﬁcantly lower deﬂection amplitude, but its impact is rather
small (-0.0163 – 0.0000 mV change in amplitude).
With increasing ﬁltering (i.e. increasing high-pass or lowering low-pass cut-off
frequencies), the number of detected ﬁbrillation potentials declined. In addition, as
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described in the Supplemental material, ﬁltering impacted timing of LAT. Though not
speciﬁcally analyzed in this study, the missing potentials as well as the shift in LATs
could lead to changes in detected activation patterns during AF. As such, inadequate
ﬁltering could result in unintentional under- or overestimation of rotational activity
and focal, or peripheral, waves during mapping. A future study on the precise impact
of ﬁltering on measured activation sequences during AF could be very insightful.
As implied in the word itself, ﬁltering inherently results in loss of information.
Nevertheless, ﬁltering does not have to be inaccurate if the lost information is
irrelevant to your case. The challenge always lies in balancing minimal ﬁltering
with maximal signal quality (e.g. without artifacts and noise). However, since the
relevant frequency content of fractionated ﬁbrillation potentials is unknown and
physiological discrimination between true fractionation and noise contribution is
(yet) unfeasible, this study validates the use of minimal ﬁltering. A safer alternative
to ﬁltering could be implementation of a signal-to-noise ratio (SNR) within mapping
systems, in which detection criteria for fractionated and/or low-voltage potentials
become stricter in case of considerable noise, without affecting original signal
morphology. Using such an approach also prevents artifacts induced by ﬁltering,
such as ringing artifacts, to manifest.
Due to its ability to reduce far-ﬁeld potentials by subtracting two unipolar
electrograms at adjacent sites, bipolar electrograms are clinically often preferred
above unipolar measurements.11 For purposes of fractionation analyses this favor is
perhaps undeserved, since apart from ﬁltering bipolar electrogram morphology is
also susceptible to changes in interelectrode distance, electrode size and wavefront
direction.3, 11, 12, 28
The pathophysiology of fractionation
The search for true – pathologic – fractionation remains an ongoing challenge.
Differentiating between physiologic fractionation, due to e.g. overlaying myocardial
ﬁbers and functional anisotropy, and pathologic fractionation for now remains
difficult. The fact that measurement settings, such as ﬁltering, affect fractionation
as well provides another challenge. Nevertheless, the potential of fractionationguided ablation could be signiﬁcant if one could ﬁnd methods for discerning
true fractionation identifying abnormal conduction and arrhythmogenicity in AF
patients. Speciﬁcally high-resolution AF mapping studies, combined with imaging
and/or histologic techniques, could aid in unraveling the “fact or artifact” of
fractionation.
Limitations
In this observational study we included ten patients in whom we measured the
impact of high-, low-pass and notch ﬁltering. Even though sample size seems rather
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small, a total of 3000 seconds of AF recordings, consisting of 2,557,045 ﬁbrillation
potentials were analyzed. Furthermore, our results indicate the impact of ﬁltering
to be very much alike between patients. Considering that ﬁltering is a highlyreproducible technique, we hypothesize that the general conclusions of this study
can be extrapolated to each individual patient. Nevertheless, in clinical practice
there may be variations in ﬁlter properties. For example, to assure generalizability
and reproducibility we used zero-phase ﬁltering, but this might not be possible
in daily clinical practice. For this study we used unipolar intra-operative highresolution mapping data, which is different from (bipolar) endocardial mapping
data during ablative therapy with typically lower resolution data. For establishing
the impact of ﬁltering on unipolar data however, not spatial resolution but temporal
resolution – thus sampling rate – is an important and relevant property, since
ﬁltering is done in time-domain. Clinically used mapping systems have comparable
sampling rates of ~1 or 1.2 kHz, so our results should be considered relevant for
endocardial unipolar mapping as well. Increasing sampling rate, resolution of
analogue to digital conversion and using wider band-pass ﬁltering of origin could
potentially further improve signal quality.

Conclusions
High-pass, low-pass and notch ﬁltering impacted morphology of unipolar
ﬁbrillation potentials, including amplitude, fractionation and FDT, and decreased
the number of detected ﬁbrillation potentials, becoming a potential source of error
in identiﬁcation of low-voltage areas and (complex) fractionated potentials. Whilst
searching for ablative targets during clinical mapping, operators should be well
aware of the consequences of ﬁltering. In case of considerable noise, application
of a signal-to-noise ratio – not affecting original signal morphology – could be a
safer alternative.
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Supplemental ﬁgure 1 – Bode plots of the used ﬁlters. Upper panel: ﬁlter frequency response
of IIR Butterworth high-pass ﬁlter, 2nd-order with 12 dB/octave roll-off with an exemplary
half amplitude (-3 dB) cut-off frequency of 50 Hz. Middle panel: ﬁlter frequency response
of IIR Butterworth low-pass ﬁlter, 2nd -order with 12 dB/octave roll-off with an exemplary
half amplitude (-3 dB) cut-off frequency of 300 Hz. Lower panel: ﬁlter frequency response
of IIR notch ﬁlter at 50 Hz, with a quality factor of 30.

Impact of ﬁltering on detection of local activation time
As illustrated in Figure 1, the steepest negative deﬂection of a potential was
marked as the local activation time (LAT). As a subanalysis, we investigated the
impact of additional high-pass, low-pass and notch ﬁltering on timing of LAT.
For this purpose, the difference in LAT (ΔLAT) between each ﬁlter setting (see
paragraph Filter settings) and the default setting (i.e. 0.5-400 Hz without notch)
for all potentials in the 192-electrode array was determined. A median ΔLAT value
of all atrial potentials within the 192-array was derived and compared between
ﬁlter settings.
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Supplemental ﬁgure 2 – Impact of high-pass (left panel) and low-pass (right panel) ﬁltering
on detection of local activation time (LAT). Upper left: effect of high-pass ﬁltering on median
ΔLAT (difference in LAT between each ﬁlter setting and the default setting) of all patients.
Upper right: effect of low-pass ﬁltering on median ΔLAT of all patients. Lower left: effect of
high-pass ﬁltering on number of shifted potentials (i.e. potentials in whom LAT changed, so
ΔLAT ≥ 1; expressed as a percentage of number of detected ﬁbrillation potentials at default
setting). Lower right: effect of low-pass ﬁltering on number of shifted potentials. In the left
upper panel, one outlier is not visualized (patient 1: median ΔLAT 17.5ms at 1Hz).

High-pass ﬁltering
Increasing the high-pass ﬁlter frequency increased ΔLAT, as illustrated in
Supplemental ﬁgure 2 (p<0.01, upper left panel). At the maximum high-pass
frequency of 100 Hz, the median ΔLAT ranged from 2 to 6 ms. With increasing
high-pass ﬁltering, the percentage of potentials with a shift in LAT (i.e. ΔLAT ≥ 1)
slightly increased (from 0.14-25.75% to 16.24-30.12%, p<0.01, lower left panel). In total,
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286664 potentials shifted due to high-pass ﬁltering, of which 33.21% were single
potentials (one deﬂection, SP), 32.31% double potentials (two deﬂections, DP) and
34.48% complex fractionated potentials (more than two deﬂections, CFP). Overall,
median ΔLAT (p5-p95) was 1 ms (1-21 ms) for SPs, 3 ms (1-30 ms) for DPs and 6
ms (1-31 ms) for CFPs.
Low-pass ﬁltering
The impact of decreasing the low-pass ﬁlter frequency on timing of LAT is shown
in the right panel of Supplemental ﬁgure 2. The right upper panel indicates an
exponentially increasing ΔLAT with decreasing the low-pass ﬁlter frequency
(p<0.01, from 1-3 ms to 2-15 ms). For all patients, decreasing the low-pass ﬁlter
frequency increased the percentage of potentials with a shift in LAT (from 19.6228.96% to 76.05-94.12%, p<0.01, right left panel). In total, 417119 potentials shifted
due to low-pass ﬁltering, of which 33.69% were SPs, 32.29% DPs and 34.02% CFPs.
Overall, median ΔLAT (p5-p95) was 1 ms (1-8 ms) for SPs, 1 ms (1-27 ms) for DPs
and 4 ms (1-31 ms) for CFPs.
Notch ﬁltering
In nine out of ten patients, notch ﬁltering lead to a shift in LAT of ﬁbrillation
potentials. In these patients, median ΔLAT ranged from 8 to 10 ms and 3.61 to
6.99% of potentials had a shift in LAT. A total of 5188 potentials shifted due to notch
ﬁltering, of which 32.79% were SPs, 37.95% DPs and 29.26% CFPs. Overall, median
ΔLAT (p5-p95) was 3 ms (1-30 ms) for SPs, 10 ms (1-33 ms) for DPs and 11 ms (1-33
ms) for CFPs.
Morphological changes evoked by ﬁltering as described in the manuscript, thereby
induce the LAT of ﬁbrillation potentials to shift, especially with more aggressive
low-pass ﬁltering. Although ﬁltering impacted LATs of all potential types (i.e. SPs,
DPs and CFPs), more complex and long fractionated potentials had a greater ΔLAT
– and thus shifted more – than potentials with simpler morphology.
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Abstract
Aims
The morphology of unipolar single potentials (SPs) contains information on intraatrial conduction disorders and possibly the substrate underlying atrial ﬁbrillation
(AF). This study examined the impact of AF episodes on features of SP morphology
during sinus rhythm (SR) in patients with mitral valve disease.
Methods
Intra-operative epicardial mapping (interelectrode distance 2mm) of the right
and left atrium (RA, LA), Bachmann’s Bundle (BB) and pulmonary vein area (PVA)
was performed in 67 patients (27 male, 67±11 years) with or without a history of
paroxysmal AF (PAF). Unipolar SPs were classiﬁed according to their differences
in relative R- and S-wave amplitude ratios.
Results
A clear predominance of S-waves was observed at BB and the RA in both the no
AF and PAF groups (BB 88.8% vs. 85.9%, RA: 92.1% vs. 85.1%, respectively). Potential
voltages at the RA, BB and PVA were signiﬁcantly lower in the PAF group (P<0.001
for each) and were mainly determined by the size of the S-waves amplitudes. The
largest difference in S-wave amplitudes was found at BB; the S-wave amplitude
was lower in the PAF group (4.08 [2.45–6.13] mV vs. 2.94 [1.40–4.75] mV; P<0.001).
In addition, conduction velocity (CV) at BB was lower as well (0.97 [0.70–1.21] m/s
vs. 0.89 [0.62–1.16] m/s, P<0.001).
Conclusions
Though excitation of the atria during SR is heterogeneously disrupted, a history
of AF is characterized by decreased SP amplitudes at BB due to loss of S-wave
amplitudes and decreased CV. This suggests that SP morphology could provide
additional information on wavefront propagation.

106

Classification of sinus rhythm single potential morphology

Introduction
Analysis of atrial electrical activity plays an important role in revealing the underlying
electrophysiological mechanisms responsible for the initiation and perpetuation
of atrial ﬁbrillation (AF). In daily clinical practice, electro-anatomical mapping
is performed via endovascular catheters at the endocardial side, presenting a
bipolar electrogram (EGM).1, 2 The bipolar EGM is commonly used as it contains
local information from the area of myocardium at the catheter tip between two
electrodes. However, unipolar EGMs have the beneﬁt over bipolar EGMs that their
morphology carries additional information about the progression of the wavefront
and remote activations, which are independent of the electrode orientation and
wavefront direction.2 Cardiac electrophysiologists often rely on low-voltage areas
which are suggestive of the presence of atrial substrate. 3 However, low-voltage
potentials are highly determined by their morphology, but these are currently not
fully classiﬁed in clinical practice. Therefore, unipolar EGMs can provide additional
helpful information in electrophysiological studies and ablation procedures, and
are therefore increasingly used in newly developed mapping systems.
The morphology of atrial EGMs, represented by the relative positive (R-wave)
and negative (S-wave) components of a unipolar EGM, contains information on
intra-atrial conduction and hence conduction disorders giving rise to development
of AF.2, 4, 5 Prior studies have indeed demonstrated that areas of abnormal EGM
morphologies of single potentials (SPs) are indicators of conduction abnormalities
underlying AF.6-8 Therefore, creation of an electrical signal proﬁle obtained
from high-resolution mapping data of the entire atria during AF -a so-called
AF Fingerprint- may be used to determine the severity and extensiveness of
local conduction disorders. The ﬁrst step towards development of such an ‘AF
Fingerprint’, is understanding variation in EGM morphologies of SPs during sinus
rhythm (SR). The goal of this study is therefore to examine the impact of AF episodes
on features of SP morphology at a high resolution scale during SR in patients with
mitral valve disease (MVD).

Methods
Study population
The study population consisted of 67 adult patients undergoing mitral valve surgery
or a combination of mitral valve and coronary bypass surgery in the Erasmus
Medical Centre Rotterdam. This study was approved by the institutional medical
ethical committee (MEC2010-054/MEC2014-393).9, 10 Written informed consent
was obtained from all patients. Patient characteristics (e.g. age, medical history,
cardiovascular risk factors, time in AF) were obtained from the patient’s medical
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record. The study population was classiﬁed into patients without a history of AF (no
AF group) and with a history of paroxysmal AF (PAF group).
Mapping procedure
Epicardial high-resolution mapping was performed prior to commencement of
extra-corporal circulation, as previously described in detail.11-13 A temporal bipolar
epicardial pacemaker wire attached to the RA free wall served as a reference
electrode. A steel wire ﬁxed to subcutaneous tissue of the thoracic cavity was
used as an indifferent electrode. Epicardial mapping was performed with a
128-electrode array or 192-electrode array (electrode diameter respectively
0.65mm or 0.45mm, interelectrode distances 2.0 mm). Mapping was conducted by
shifting the electrode array along imaginary lines with a ﬁxed anatomic orientation,
following a predeﬁned mapping scheme. The procedure covers the entire
epicardial surface of the right atrium (RA), Bachmann’s Bundle (BB), pulmonary
vein area (PVA) and left atrium (LA), as illustrated in the upper panel of left panel of
Figure 1. Omission of areas was avoided at the expense of possible small overlap
between adjacent mapping sites. The RA was mapped from the cavotricuspid
isthmus, shifting perpendicular to the caval veins towards the RA appendage. The
PVA was mapped from the sinus transversus fold along the borders of the right
and left pulmonary veins (PVR and PVL) down towards the atrioventricular groove.
The left atrioventricular groove (LAVG) was mapped from the lower border of the
left inferior pulmonary vein towards the LA appendage. BB was mapped from the
tip of the LA appendage across the roof of the LA, behind the aorta towards the
superior cavo-atrial junction.
Five seconds of SR were recorded from every mapping site, including a surface
ECG lead, a calibration signal of 2 mV and 1000ms, a bipolar reference EGM and
all unipolar epicardial EGMs. In patients who presented in AF, SR mapping was
performed after electrical cardioversion. Data was stored on a hard disk after
ampliﬁcation (gain 1000), ﬁltering (bandwidth 0.5-400 Hz), sampling (1 kHz) and
analogue to digital conversion (16 bits).
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Figure 1 – Epicardial high-resolution mapping. Upper left panel: projection of the 192-unipolar electrode array on a schematic posterior view of the atria. Upper right panel: epicardial,
unipolar potentials recorded during 5 seconds of SR containing atrial deﬂections (A) and
far-ﬁeld ventricular signals (V). Typical examples of 9 EGMs obtained from the RA are shown
outside the mapping. Lower panel: EGMs with variable R/S ratios calculated by dividing the
R-wave amplitude by the S-wave amplitude. ICV, inferior caval vein; SCV, superior caval vein;
LAA, left atrial appendage; RAA, right atrial appendage; RA, right atrium; BB, Bachmann’s
Bundle; PV, pulmonary veins; LA, left atrium.

Data analysis
Unipolar EGM morphology was semi-automatically analyzed in custom-made
software using Python 3. EGMs with injury potentials, recording sites with ≥25%
excluded or missing EGMs and premature atrial complexes or aberrant beats were
excluded from analysis. Atrial deﬂections were marked when the negative slope of
a deﬂection was ≥10% of the steepest slope in the EGM and the amplitude of the
deﬂection was at least two times the signal-to-noise ratio of the EGM. The steepest
negative deﬂection of a potential was marked as the Local Activation Time (LAT).
The minimal time between two successive deﬂections (‘latency’) was set to 2 ms.
All EGM markings were manually checked and corrected in case of markings on
electrical artefacts evaluated by a consensus of two investigators. Potentials were
classiﬁed as single potential (SP, one deﬂection) or fractionated potential (FP, ≥2
deﬂections). SPs are characterized by a rapid negative deﬂection preceded by a
positive R-wave and returning to the baseline (S-wave). As demonstrated in the
lower panel of Figure 1, SPs were classiﬁed according to their differences in relative
R- and S-wave amplitude and scaled from -1 (R-wave) to 1 (S-wave).
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RS =

1 — RS (n) for RS (n) < 1
1 —1
for RS (n) > 1
RS (n)

Furthermore, SPs were analyzed for peak-to-peak voltage (amplitude), relative
R- and S-wave amplitudes and local wavefront conduction velocity (CV). Local
CV was computed as an average of velocity estimations between neighboring
electrodes (longitudinal, transversal and diagonal) based on a techniques derived
from a ﬁnite differences method developed and described by Salama et al.14
Statistical analysis
All data were tested for normality. Normally distributed data are expressed as
mean ± standard deviation and analyzed with a paired T-test or one-way ANOVA.
Skewed data are expressed as median (25th-75th percentile) and analyzed with
a Kruskal-Wallis test or Mann-Whitney U test. Categorical data are expressed
as numbers and percentages and analyzed with a χ2 or Fisher exact test when
appropriate. Distribution data was analyzed with a two-sample KolmogorovSmirnov test. A p-value <0.05 was considered statistically signiﬁcant. A Bonferroni
correction was applied for comparison of the four atrial regions; a p-value of
<0.0083 (0.05/6) was considered statistically signiﬁcant.

Results
Study population
Clinical characteristics of the study population, including 44 patients in the ‘no AF’
group and 23 patients in the ‘PAF’ group are described in Table 1. These groups
differed in age (no AF: 65±13 years, PAF: 73±6 years, P=0.003). Patients had either
ischemic and MVD (no AF: 20 [45%], PAF: 6 [26%]) or only MVD. LA dilation was
present in 28 patients without AF (64%) and in 16 patients with PAF (70%). Most
patients in both groups had normal left ventricular function (no AF: 29 [66%], PAF:
17 [74%]). 30% of the patients with PAF used class III antiarrhythmic drugs (no AF: 0
vs. PAF: 7 (30%), P<0.001).
Mapping data
As demonstrated in Table 2, a total of 523,019 SPs were analyzed out of 852 SR
recordings of 5-seconds duration (no AF: RA: 179,700, BB: 34,069, PVA: 77,651, LA:
64,254; PAF: RA: 77,060; BB: 16,260; PVA: 38,720; LA: 35,305). Median unipolar SP
amplitude in the PAF group was lower than in the no AF group (4.78 [2.14–7.21] mV
vs. 5.05 [2.48–7.64] mV respectively (P<0.001)).
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Table 1 – Patient characteristics (N=67)
Patients
Male
Age (y)
Cardiovascular risk factors
- BMI (kg/m2)
Underweight (<18.5)
Normal weight (18.5-25)
Overweight (25-30)
Obese (≥30)
- Hypertension
- Dyslipidaemia
- Diabetes mellitus
Left atrial dilatation >45 mm
Left ventricular dysfunction
Mitral stenosis
Severe mitral insufficiency
Coronary artery disease
Antiarrhythmic agents
- Class I
- Class II
- Class III
- Class IV

No AF
44 (66)
17 (39)
65±12

PAF
23 (34)
10 (43)
73 ± 6

p-value
0.903
0.003

24.5 [22.1–26.8]
2 (5)
22 (50)
15 (34)
5 (11)
15 (34)
14 (32)
7 (16)
28 (64)
15 (34)
3 (7)
31 (70)
20 (45)

25.3 [22.2–31.9]
0 (0)
11 (48)
5 (22)
7 (30)
12 (52)
2 (9)
3 (13)
16 (70)
6 (26)
1 (4)
16 (70)
6 (26)

0.281
0.778
0.866
0.443
0.110
0.242
0.071
0.755
0.830
0.694
0.685
0.940
0.200

1 (2)
23 (52)
0 (0)
1 (2)

0 (0)
11 (48)
7 (30)
2 (9)

0.466
0.930
<0.001
0.559

6

Values are presented as mean ± standard deviation, median [interquartile ranges] or as n (%).
(P)AF, (paroxysmal) atrial ﬁbrillation; BMI, body mass index.

In both the no AF and PAF group, SP amplitudes differed between the atrial regions
(no AF: RA: 5.21 [3.03–7.67] mV, BB: 5.71 [3.40–8.87] mV, PVA: 4.48 [2.03–8.19] mV, LA:
4.72 [2.19–8.24] mV (P<0.001 for all comparisons); PAF group: RA: 5.10 [2.89–7.55] mV,
BB: 4.09 [2.18–6.70] mV, PVA: 4.36 [1.95–8.38] mV, LA: 4.74 [2.47–7.63] mV (P<0.001 for
all comparisons)). Furthermore, SP amplitudes of the RA, BB and PVA were lower
in the PAF group compared to the no AF group (RA: 5.21 [3.03–7.67] mV vs. 5.10
[2.89–7.55] mV (P<0.001), BB: 5.71 [3.40–8.87] mV vs. 4.09 [2.18–6.70] mV (P<0.001),
PVA: 4.48 [2.03–8.19] mV vs. 4.36 [1.95–8.38] mV (P<0.001)).
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Table 2 – Mapping data characteristics (N=523,019)
Right atrium
Single potentials
Amplitude (mV)
R-wave (mV)
S-wave (mV)
R/S ratio
Conduction velocity (m/s)
Bachmann’s bundle
Single potentials
Amplitude (mV)
R-wave (mV)
S-wave (mV)
R/S ratio
Conduction velocity (m/s)
Left atrium
Single potentials
Amplitude (mV)
R-wave (mV)
S-wave (mV)
R/S ratio
Conduction velocity (m/s)
Pulmonary vein area
Single potentials
Amplitude (mV)
R-wave (mV)
S-wave (mV)
R/S ratio
Conduction velocity (m/s)

No AF

PAF

p-value

179,700 (85)
5.21 [3.03–7.67]
1.65 [0.74–2.79]
3.48 [2.07–5.08]
0.52 [0.28–0.71]
0.93 [0.71–1.15]

77,060 (85)
5.10 [2.89–7.55]
1.69 [0.79–2.81]
3.30 [1.86–4.97]
0.46 [0.22–0.67]
0.94 [0.72–1.17]

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

34,069 (76)
5.71 [3.40–8.87]
1.57 [0.74–3.00]
4.08 [2.45–6.13]
0.57 [0.35–0.76]
0.97 [0.70–1.21]

16,260 (73)
4.09 [2.18–6.70]
1.11 [0.49–2.21]
2.94 [1.40–4.75]
0.58 [0.29–0.77]
0.89 [0.62–1.16]

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

64,254 (84)
4.72 [2.19–8.24]
2.44 [1.13–4.39]
1.91 [0.83–3.89]
-0.16 [-0.52–0.30]
0.91 [0.54–1.23]

35,305 (83)
4.74 [2.47–7.63]
2.24 [1.21–3.94]
2.12 [0.93–3.86]
-0.03 [-0.46–0.38]
0.94 [0.60–1.23]

0.067
< 0.001
< 0.001
< 0.001
< 0.001

77,651 (87)
4.48 [2.03–8.19]
1.94 [0.94–3.72]
2.28 [0.92–4.12]
0.14 [-0.33–0.45]
0.98 [0.66–1.25]

38,720 (77)
4.36 [1.95–8.38]
1.98 [0.84–4.10]
2.13 [0.94–4.22]
0.12 [-0.29–0.44]
1.00 [0.70–1.25]

< 0.001
0.177
< 0.001
0.156
< 0.001

Values are presented as median (interquartile range) or as n (%). (P)AF, (paroxysmal) atrial
ﬁbrillation.

Focusing only on the magnitude of the R- and S-wave, the largest R-wave
amplitude was found in the LA in both the no AF group (2.44 [1.13–4.39] mV) and
PAF group (2.24 [1.21–3.94] mV), whereas the largest S-wave amplitude was found
in BB in the no AF group (4.08 [2.45–6.13] mV) and in the RA in the PAF group
(3.30 [1.86–4.97] mV). In general, the amplitude of the atrial potential was mainly
determined by the S-wave amplitude.
The largest difference in S-wave amplitudes between both groups was found at
BB; the S-wave median amplitude was higher in the no AF group (4.08 [2.45–6.13]
mV) than in the PAF group (2.94 [1.40–4.75] mV; P<0.001).
The CV differed between atrial regions in both the no AF and PAF group (no AF:
RA: 0.93 [0.71–1.15] m/s, BB: 0.97 [0.70–1.21] m/s, PVA: 0.98 [0.66–1.25] m/s, LA: 0.91
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[0.54–1.23] m/s (P<0.001 for all comparisons); PAF group: RA: 0.94 [0.72–1.17] m/s,
BB: 0.89 [0.62–1.16] m/s, PVA: 1.00 [0.70–1.25] m/s, LA: 0.94 [0.60–1.24] m/s (P<0.001
for all comparisons)). In the PAF group, CVs at BB were lower compared to the no
AF group (0.97 [0.70–1.21] m/s vs. 0.89 [0.62–1.16] m/s, P<0.001).
Regional differences in R/S ratio
Figure 2 shows a typical example of the color-coded spatial distribution of the R/S
ratios during one SR beat in a patient without AF. This map shows a wide variation
of R/S ratios throughout the atria. The majority of the SPs recorded in the superior
part of RA consisted of monophasic S-waves, compared to rS-waves and biphasic
RS-waves in the mid and inferior part of the RA. A clear R-wave predominance was
found in between the pulmonary veins, whereas biphasic RS-waves and rS-waves
were recorded from the superior and inferior sites of the PVA. The LA appendage
revealed a R-wave predominance as well, whereas S-wave predominance was
mainly found in the RA and BB.

Figure 2 – Typical example of the color-coded spatial distribution of the R/S ratios during
one sinus beat in a patient without AF. The color scale of the R/S ratios ranges from S-waves
(blue), via biphasic RS-waves (green) to R-waves (yellow). ICV, inferior caval vein; SCV, superior caval vein; LAA, left atrial appendage; RAA, right atrial appendage.

Figure 3 shows the regional differences in the distribution of the R/S ratios in the RA,
BB, PVA and LA in the no AF group (upper panels) and PAF group (lower panels).
The relative frequency of the R/S ratios are ranked from -1 (R-waves) to 1 (S-waves)
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and divided into four equal quartiles. For each quartile the relative number of
potentials is given on top of the plots. The SPs revealed a wide variation of Rand S-wave amplitude ratios. However, a clear predominance of S-waves was
observed in the BB and RA in both the no AF group (88.8% and 92.1% respectively)
as PAF group (85.9% and 85.1% respectively). Differences between the no AF and
PAF groups were found at the RA, BB and LA (P=0.021, P=0.003 and P=0.013). In
the PAF group, there was a larger number of dominant R-waves in both the RA
and BB and a higher number of rS-waves in the LA.
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Figure 3 – Relative frequency histograms of all R/S ratios. The R/S ratios of unipolar SPs
during SR in patients without AF (turquoise) and patients with PAF (red), recorded from BB
(n = 34,069 vs. n = 16,260), LA (n = 64,254 vs. n = 35,305), PVA (n = 77,651 vs. n = 38,720) and
RA (n = 179,700 vs. n = 77,060). The histograms are divided into four equal quartiles; for each
quartile the relative number of potentials is given on top of the plots. (P)AF, (paroxysmal)
atrial ﬁbrillation.

Individual differences in R/S ratios
Figure 4 demonstrates interindividual differences in R/S ratios. In all patients there
was a clear S-wave predominance in the RA and BB. In contrast, in the PVA and LA
there was less S-wave predominance and a wider variation in SP morphology.
Figure 5 demonstrates all R/S ratios (subdivided into nine categories) with their
corresponding amplitudes. In both the no AF and PAF group, the largest SP
amplitudes were observed in the range of biphasic RS- to rS-waves (no AF: RA:
6.39 [4.25–8.89] mV, BB: 7.61 [4.51–12.55] mV, PVA: 5.96 [3.30–9.86] mV, LA: 6.77 [3.78–
10.95] mV; PAF: RA: 5.96 [3.83–8.34] mV, BB: 5.45 [2.78–9.28] mV, PVA: 6.10 [3.21–10.44]
mV, LA: 6.02 [3.53–8.90] mV). In the PAF group, SP amplitudes of all different R/S
ratios were smaller in BB compared to the no AF group (P<0.001). At the other
atrial regions, there were no consistent signiﬁcant differences in amplitudes of the
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various R/S ratios. The majority of the monophasic S-wave potentials were found
in the RA in both groups (4.2% and 4.3% respectively). A high number of S-wave
potentials (3.7% for both groups) were found in BB as well, whereas these potentials
were rarely present in the PVA and LA.
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Figure 4 – Stacked bar plots of the R/S distributions depicted for each patient separately
in the RA, BB, PVA and LA. (P)AF, (paroxysmal) atrial ﬁbrillation.

R/S ratio in low voltage areas
The p5 of all measured SPs was 1.0 mV, which was used as a cut-off value for low
voltages. Figure 6 illustrates the regional distribution of the R/S ratios of low voltage
potentials. Although a wide variation of R/S ratios was observed, an S-wave
predominance was found in the RA and BB in both groups. Compared to the no
AF group, the relative number of dominant R-waves in low voltage areas in the
PAF group was larger in the RA and BB, whereas a larger number of dominant
S-waves was observed in the PVA.
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during SR in patients without AF (turquoise) and with PAF (red). The bars represent the relative frequency of the R/S ratios and the dotted line the median amplitudes with interquartile
ranges. The asterisk indicates a signiﬁcant difference in median amplitudes between the
patients without AF and patients with PAF (P<0.001). (P)AF, (paroxysmal) atrial ﬁbrillation.
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Discussion
High-resolution mapping of the atria in patients with MVD demonstrated a
wide variation of unipolar SP morphology throughout the atria, resulting in
speciﬁc regional differences in SP amplitude and R/S ratios. Amplitudes were
mainly determined by the S-wave amplitude, which resulted in a high number of
predominant S-wave potentials with large amplitudes in the RA and BB, whereas
a larger range of SP amplitudes was found in the LA and PVA together with a
high variation in R/S ratios. Compared to the no AF group, lower SP amplitudes
and S-wave amplitudes were found in patients with PAF, along with more R-wave
predominance in the RA, BB and PVA.
Genesis of unipolar potential morphologies
EGM morphology is often used for the identiﬁcation of structural or electrical
remodeled areas with arrhythmogenic properties. In most settings, electroanatomical mapping is performed via endovascular catheters at the endocardial
side, recording EGMs which are the product of a voltage difference between
recording electrodes (bipolar recordings).1, 15 In case of unipolar EGMs, the signal
reﬂects the cardiac electrical activity of the tissue surrounding the recording electrode
which decreases with distance. It is obtained by an exploring electrode positioned in
the heart and an indifferent electrode located at an inﬁnite distance.2, 16 It is for these
reasons that there is an increase in mapping systems using unipolar EGMs.
The morphology of unipolar potentials can be regarded as the sum of instantaneous
current dipoles of a wavefront, generating a positive deﬂection when the activation
wavefront propagates towards the electrode and a steeply negative deﬂection as
the wavefront reaches the electrode and propagates away, thereby generating a
biphasic RS-wave.2, 5, 17 When the electrode is located at a site of initial activation,
depolarization produces a wavefront that propagates radially away from the
electrode, thus generating a monophasic S-wave. In contrast, positive R-waves are
characteristic of termination of the activation wavefront. Areas of fast conduction
with conduction along the longitudinal axis of the ﬁbers are characterized by large
amplitude RS-waves, whereas in slow areas the potentials are of lower amplitude.5
Abnormal myocardial substrate can be deﬁned by substrate mapping by identifying
areas of low voltage, as amplitude also depends on the volume of simultaneously
activated cardiac tissue.5, 6 In addition, asymmetry of unipolar potentials has been
proposed as a morphology parameter, determined by wavefront curvature,
wavefront collisions, anisotropy and conduction heterogeneity.18, 19
Regional differences in single potential morphology
In our study population, there were clear regional differences in potential morphology.
During SR, the initial excitation site is located in the RA in which wavefronts are
117

6

Chapter 6

generated by cells in the sinoatrial (SA) node area. From there, a wavefront is
propagated by the prominent muscle bundles contiguous with the SA node; i.e.
the crista terminalis, Bachmann’s Bundle and the septo-pulmonary bundle, which
contributes to fast electrical propagation and enables efficient electromechanical
coupling of both atria during each normal sinus beat. 4, 20 At sites of wavefront
activation, monophasic S-waves were expected and were - indeed - mainly
recorded in the RA in our study population. In addition, fast propagating wavefronts
are characterized by EGMs with large amplitude, predominant S-waves, which
evolve towards biphasic RS-waves when the wavefront propagates away from the
excitation site. These types of potentials were indeed mainly found in the RA and BB.
Using diffusion tensor imaging of human hearts, Pashakhanloo et al. 21 have
demonstrated that in some areas of the atrial wall, e.g. the crista terminalis and
the antrum of the PVs, the uniform distribution of myocardial ﬁbers is disrupted
by multiple complex crossings of multiple ﬁbers, which underlies non-uniform
anisotropic propagation. Previous studies have demonstrated that there are
changes in patients with MVD in the myocardial structure of the atria due to altered
hemodynamic effects.22-24 Structural remodelling affects intra-atrial conduction
and thereby predisposes to development of atrial tachyarrhythmias. The higher
incidence of AF in patients with MVD suggests the presence of a higher degree
of atrial remodelling in these patients, characterized by LA enlargement, loss of
myocardium and scarring.25-27 The resulting anisotropic propagation causes local
wavefront termination or collision, resulting in more R-wave predominance and
monophasic R-waves, which were - indeed - mainly found in the LA and PVA.
In our study, we demonstrated inter-individual differences in R/S ratios in - especially
- the LA and PVA areas. Anatomic studies of the ﬁber orientation using dissection,
visual tracing or MR techniques demonstrated variations in the location and
orientation of bundles between human hearts, in which mixed and oblique patterns
of ﬁbers were present in the roof of the atria encircling the pulmonary veins.21, 28 In
addition, intraoperative epicardial mapping also demonstrated that atrial excitation
during SR is affected by the underlying heart disease and AF, resulting in alternative
routes for BB and PVA with high inter-individual variability.29, 30 Together with the
patient speciﬁc impact of the presence of MVD, these differences might have
resulted in the more prominent inter-individual R/S differences in these areas.
Several computer models of electrical propagation in the atria have been
developed and showed mostly single biphasic potentials in the uniform atria,
whereas dominant S-waves were more common in anisotropic tissue and dominant
R-waves were found due to the multiple collisions.19 Using such computer models
it has been demonstrated that anisotropy has a greater impact on amplitude
variation and asymmetry than the shape and curvature of the conducting wavefront.
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However, the models differ in the level of electrophysiological and anatomical
details, such as ﬁber orientation, presence of the main muscle bundles, structural
modiﬁcations and anisotropy, and mainly focus on arrhythmia simulations.19, 31-34
S-wave predominance has also been reported in the RA in patients during AF, but
could not be strongly correlated to wavefront curvature or anisotropy.35 A tilted
transmural stance of the wavefront resulting in an epicardial lead with constant
epicardial to endocardial activation was proposed as a theoretical explanation
for S-wave predominance during AF, which would present with more R-wave
predominance at the endocardium.35 However, Van der Does et al.36 reported that
both epicardial and endocardial EGMs showed an S-wave predominance, and
endocardial EGMs did not have higher R/S ratios than epicardial EGMs. Though
these mapping studies were performed during SR, data clearly showed absence of
an oblique transmurally propagating wave. In our study, we indeed demonstrated
an S-wave predominance in the RA but not in the LA and PVA.
Inﬂuence of paroxysmal atrial ﬁbrillation
In our study, SP morphology differences between patients without AF and with
PAF were most prominent in the BB. Patients with PAF had lower amplitudes, more
R-wave predominance and slower wavefront propagation. The lower amplitude
was mainly determined by a decrease in S-wave amplitude, which is observed
with reversible tissue injury and is associated with conduction block during ablative
therapy.18, 37 Recent studies indeed found more conduction abnormalities in the BB
during SR in patients with AF or patients who developed post-operative AF.11, 38 BB
is by far the largest of the anatomic interatrial connections and probably accounts
for the largest part of interatrial conduction. It is a highly organized bundle of
muscular ﬁbers arranged in parallel fashion, but due to its anisotropic features BB
is more vulnerable to structural remodelling that can even be identiﬁed during SR.
In addition, the muscular ﬁbers of the BB are not enclosed by ﬁbrous tissue and
may therefore also be vulnerable to disruption by stretch due to the hemodynamic
changes in the atria caused by MVD.20, 22, 39 This could lead to slower wavefront
propagation and slower CVs which were - indeed – found in patients with PAF.
Structural changes of the atrial myocardium are more extensive in patients with
PAF than in patients without AF, especially involving the BB. 40
Clinical implications
Despite most of atrial mapping procedures are performed endocardially using
bipolar EGMs, there is an increase in mapping systems using unipolar EGMs.
Therefore, detailed knowledge of unipolar EGM morphology becomes more
important. In a prior study of Van der Does et al.36, no differences were found
between unipolar endo- and epicardial EGMs. This indicates that the observed
change in R/S ratios and decrease of S-wave amplitudes will also be found at
the endocardium.
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In clinical practice, low voltage areas are regarded as part of the arrhythmogenic
substrate underlying AF. However, our data shows that the EGM voltage is mainly
determined by the R/S ratio which differs per region. In addition, low peak-to-peak
voltages do not automatically indicate ‘diseased’ tissue, but can also be explained
by the potential morphology as R- and S-waves have a smaller amplitude
compared to RS-waves. Therefore, using voltage mapping alone to guide ablative
therapy might be misleading.
Study limitations
Whether general anesthesia and intraoperative drugs inﬂuence conduction is
unknown; however, a standard anesthetic protocol was used for all patients and
SR was conﬁrmed during all mapping procedures. Therefore, possible effects
of anesthesia would be equally dispersed among the patient population. High‐
resolution mapping of the interatrial septum could not be performed with our closed
beating heart approach. Several patients with history of AF used antiarrhythmic
drugs class III. Amiodarone has class I antiarrhythmic properties via inhibition of
sodium channels during phase 0 of the cardiac action potential which can slow
intra-atrial conduction. Therefore, the use of amiodarone could have affected
our results. In addition, there was a difference in age between the no AF and PAF
group. The differences between both groups could be related to the impact of age.
However, no correlation was found between any of signal proﬁles and age. Still, the
possible effect could not be completely excluded, just as the effects of hypertension
or obesity, although not signiﬁcantly different between the groups.

Conclusions
A speciﬁc regional distribution of EGM morphology, involving R/S ratios, EGM
voltage and R- and S-wave amplitudes exist during SR in patients with MVD.
Though excitation of the atria during SR is heterogeneously disrupted in patients
with MVD, the occurrence of AF in this patient group is characterized by decreased
SP amplitudes at BB due to loss of S-wave amplitudes together with a decreased
CV. Therefore, BB is an area that could especially be interesting for AF Fingerprinting.
Our ﬁndings that variation in EGM morphologies in our population is considerable
–particularly at the LA and PVA- and speciﬁc EGM morphologies at regions such
as BB are related to AF suggests that the potential morphology could provide
additional information on CV and wavefront propagation, and emphasizes the
need for a diagnostic tool enabling identiﬁcation of arrhythmogenic substrate in
the individual patient.
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Abstract
Aims
Unipolar voltage (UV) mapping is increasingly used for guiding ablative therapy
of atrial ﬁbrillation (AF) as unipolar electrograms (U-EGMs) are independent of
electrode orientation and atrial wavefront direction. This study was aimed at
constructing individual, high-resolution sinus rhythm (SR) UV ﬁngerprints in order
to identify low voltage areas and study the effect of AF episodes in patients with
mitral valve disease (MVD).
Methods
Intra-operative epicardial mapping (interelectrode distance 2mm) of the right
and left atrium (RA, LA), Bachmann’s Bundle (BB) and pulmonary vein area (PVA)
was performed in 67 patients (27 male, 67±11 years) with or without a history of
paroxysmal AF (PAF).
Results
In all patients, there were considerable regional variations in voltages. UVs at BB
were lower in patients with PAF compared to those without (no AF: 4.94 [3.56–5.98]
mV, PAF: 3.30 [2.25–4.57] mV, P=0.006). A larger number of low voltage potentials
were recorded at BB in the PAF group (no AF: 2.13 [0.52–7.68] %, PAF: 12.86 [3.18–
23.59] %, P=0.001). In addition, areas with low voltage potentials were present in
all patients, yet we did not ﬁnd any predilection sites for low voltage potentials to
occur.
Conclusions
Even in SR, advanced atrial remodeling in MVD patients shows marked
interindividual and regional variation. Low UVs are even present during SR in
patients without a history of AF indicating that low UVs should carefully be used as
target sites for ablative therapy.
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Introduction
Unipolar voltage (UV) mapping is increasingly used to deﬁne the substrate of
cardiac arrhythmias like atrial ﬁbrillation (AF).1 In recent studies, low bipolar voltage
areas are regarded sites of structurally remodeled tissue and have therefore
become targets for e.g. AF ablation.2-4 However, there are many discrepancies
between studies in for example mapping and ablation strategies, rhythm during
mapping and patient selection, resulting in mixed outcomes. 5 In daily clinical
practice, electro-anatomical mapping is performed via endovascular catheters at
the endocardial side, using bipolar electrograms (EGMs). However, non-substrate
related factors such as activation direction also inﬂuences voltages of bipolar
EGMs.5 Unipolar electrograms (U-EGMs), on the other hand, are independent
of the electrode orientation and atrial wavefront direction, and have the beneﬁt
over bipolar EGMs that their morphology contains additional information on the
progression of the wavefront and remote activations. It is for these reasons that
U-EGMs are increasingly used in recent electrophysiological studies and newly
developed mapping systems guiding (ventricular) ablation procedures.6, 7 However,
the use of unipolar voltage mapping remains less established in mapping of the
atrial substrate.
Nevertheless, multiple methods and thresholds have been deﬁned to identify low
voltage areas and abnormal tissue in both bipolar- as U-EGMs. In addition, several
studies have shown local variation in endocardial bipolar EGM voltages during
sinus rhythm (SR) between atrial regions and that speciﬁc regional differences exist
between patients with and without AF, especially within the left atrium (LA).8, 9
As no signiﬁcant differences were found between endocardial and epicardial
U-EGM voltages by Van der Does et al.10, high-resolution epicardial mapping data
of the entire atria can be used to create a representative UV proﬁle, reﬂecting
characteristics of unipolar potentials. These voltage ﬁngerprints can be used to
identify low voltage areas and to examine the effect of AF episodes on SR potential
voltages. Therefore, this study was aimed at constructing individual, high-resolution
unipolar SR voltage proﬁles in order to identify low UV areas and study the effect
of AF episodes on UV potentials in patients with mitral valve disease (MVD).

Methods
Study population
The study population consisted of 67 successive adult patients undergoing mitral
valve surgery or a combination of mitral valve and coronary bypass surgery in the
Erasmus Medical Center Rotterdam. This study was approved by the institutional
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medical ethical committee (MEC2010-054/MEC2014-393).11, 12 Written informed
consent was obtained from all patients and patient characteristics (e.g. age,
medical history, cardiovascular risk factors, time in AF) were obtained from the
patient’s medical record. The study population was classiﬁed into two groups:
those without a history of AF (no AF group) and those with a history of paroxysmal
AF (PAF group).
Mapping procedure
Epicardial high-resolution mapping was performed prior to commencement of
extra-corporal circulation, as previously described in detail.11, 12 A temporal bipolar
epicardial pacemaker wire attached to the RA free wall served as a reference
electrode and a steel wire ﬁxed to subcutaneous tissue of the thoracic cavity
was used as an indifferent electrode. Epicardial mapping was performed with
a 128-electrode array or 192-electrode array (electrode diameter respectively
0.65mm or 0.45mm, interelectrode distances 2.0 mm). Mapping was conducted by
shifting the electrode array along imaginary lines with a ﬁxed anatomic orientation,
covering the entire epicardial surface of the right atrium (RA), Bachmann’s bundle
(BB), pulmonary vein area (PVA) and left atrium (LA), following a predeﬁned
mapping scheme as illustrated in the upper left panel of Figure 1. Omission of
areas was avoided at the expense of possible small overlap between adjacent
mapping sites. The RA was mapped from the cavo-tricuspid isthmus, shifting
perpendicular to the caval veins towards the RA appendage. The PVA was mapped
from the sinus transversus fold along the borders of the right and left pulmonary
veins (PVR and PVL) down towards the atrioventricular groove. The left atrioventricular groove (LAVG) was mapped from the lower border of the left inferior
pulmonary vein towards the LA appendage. BB was mapped from the tip of the
LA appendage across the roof of the LA, behind the aorta towards the superior
cavo-atrial junction.
Five seconds of SR were recorded from every mapping site, including a surface ECG
lead, a calibration signal of 2 mV and 1000 ms, a bipolar reference electrogram
and all unipolar epicardial EGMs. In patients who presented in AF, SR mapping was
performed after electrical cardioversion. Patients who could not be converted to SR
were excluded from analysis. Data was stored on a hard disk after ampliﬁcation
(gain 1000), ﬁltering (bandwidth 0.5-400 Hz), sampling (1 kHz) and analogue to
digital conversion (16 bits).
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Figure 1 – Epicardial high-resolution mapping. Upper left panel: projection of the 192-unipolar electrode array on a schematic posterior view of the atria. Lower left panel: epicardial,
unipolar potentials recorded during 5 seconds of SR containing atrial deﬂections (A) and
far-ﬁeld ventricular signals (V). Typical examples of 9 unipolar potentials obtained from the
RA are shown outside the mapping. Right panel: classiﬁcation of potential type according
to the number of deﬂections (f). EGM voltage is determined as the peak-to-peak amplitude
of the steepest (primary) deﬂection. FDT, fractionation delay time; ICV, inferior caval vein;
SCV, superior caval vein; LAA, left atrial appendage; RAA, right atrial appendage, RA, right
atrium, BB, Bachmann’s bundle, PV, pulmonary veins, LA, left atrium.

Data analysis
U-EGM morphology was semi-automatically analyzed using custom-made
software. EGMs with injury potentials, recording sites with ≥25% excluded or missing
EGMs and atrial extrasystoles were excluded from analysis. The steepest negative
slope of an atrial deﬂection was marked as the local activation time (LAT), provided
that the amplitude of the deﬂection was at least two times the signal-to-noise ratio
of the EGM. The minimal time between two successive deﬂections (‘latency’) was
set to 2 ms. All signal markings were manually checked and corrected in case of
markings on electrical artifacts evaluated by a consensus of two investigators.
The potential amplitude is deﬁned as the peak-to-peak voltage of the steepest
deﬂection. Low voltage is deﬁned as the fraction of potentials with an amplitude
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below the 5th percentile of all potentials obtained from all MVD patients without AF.
Fractionated potentials are deﬁned as potentials with ≥2 deﬂections. Conduction
velocity (CV) is computed using discrete velocity vectors as previously described.
Slowing of conduction was deﬁned as a local CV of <28 cm/s and conduction block
as a local conduction delay of <18 cm/s. Simultaneous activated areas without CV
were excluded to avoid inclusion of far ﬁeld potentials.
Statistical analysis
All data were tested for normality. Normally distributed data are expressed as
mean±SD and analyzed with a paired T-test or one-way ANOVA. Skewed data
are expressed as median [25th–75th percentile] and analyzed with a Kruskal-Wallis
test, Mann-Whitney U test or Wilcoxon signed-rank test, whichever appropriate.
Categorical data are expressed as numbers and percentages and analyzed with
a χ2 or Fisher exact test. Correlation was determined by an ordinary least squares
regression model. Distribution data was analyzed with a two-sample KolmogorovSmirnov test. A p-value <0.05 was considered statistically signiﬁcant. Bonferroni
correction was applied for comparison of the four atrial regions; a p-value of
<0.0083 (0.05/6) was considered statistically signiﬁcant.

Results
Study population
Clinical characteristics of the study population, including 44 patients without (‘no AF
group’) and 23 patients with PAF, are described in detail in Table 1. These groups
differed in age (no AF: 65±12 vs. PAF: 73±6 years, P=0.003) and the use of class
III antiarrhythmic drugs (no AF: 0 vs. PAF: 7 (30%), P<0.001). Patients had either
ischemic and mitral valve disease (no AF: 20 [45%], PAF: 6 [26%]) or only solely mitral
valve disease. The gradient of both mitral insufficiency and stenosis did not differ
between both groups; the majority of the patients had severe mitral insufficiency
(no AF: 31 (70%), PAF: 13 (70%), P=0.940). LA dilation was present in 28 patients
without AF (64%) and in 16 patients with PAF (70%). Most patients in both groups
had normal left ventricular function (no AF: 29 [66%], PAF: 17 [74%]).
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Table 1 – Patient characteristics (N=67)
Patients
Male
Age (y)
Cardiovascular risk factors
- BMI (kg/m2)
Underweight (<18.5)
Normal weight (18.5-25)
Overweight (25-30)
Obese (≥30)
- Hypertension
- Dyslipidemia
- Diabetes mellitus
Left atrial dilatation >45 mm
Left ventricular dysfunction
Mitral stenosis
- No
- Severe
Mitral insufficiency
- Mild
- Moderate
- Moderate-to-severe
- Severe
Coronary artery disease
Antiarrhythmic agents
- Class I
- Class II
- Class III
- Class IV

No AF
44 (66)
17 (39)
65±12

PAF
23 (34)
10 (43)
73±6

p-value
0.903
0.003

24.5 [22.1–26.8]
2 (5)
22 (50)
15 (34)
5 (11)
15 (34)
14 (32)
7 (16)
28 (64)
15 (34)

25.3 [22.2–31.9]
0 (0)
11 (48)
5 (22)
7 (30)
12 (52)
2 (9)
3 (13)
16 (70)
6 (26)

0.281
0.778
0.866
0.443
0.110
0.242
0.071
0.755
0.830
0.694

41 (93)
3 (7)

22 (96)
1 (4)

0.685
0.685

1 (2)
8 (18)
4 (9)
31 (70)
20 (45)

0 (0)
3 (13)
4 (17)
16 (70)
6 (26)

0.466
0.848
0.550
0.940
0.200

1 (2)
23 (52)
0 (0)
1 (2)

0 (0)
11 (48)
7 (30)
2 (9)

0.466
0.930
<0.001
0.559

7

Values are presented as mean ± standard deviation, median [interquartile ranges] or as N (%).
(P)AF, (paroxysmal) atrial ﬁbrillation; BMI, body mass index.

Data characteristics
As demonstrated in Table 2, a total of 600,722 potentials were analyzed out of
829 SR recordings of 5-seconds duration. There was no difference between the
median number of potentials between the no AF and PAF group and the median
amplitude of all potentials recorded from the entire epicardial surface did also not
differ between these two groups (no AF: 4.70 [4.05–5.43] mV vs. PAF: 4.52 [3.73–5.25]
mV, p=0.138).
Correlation between unipolar voltage and interatrial conduction
There was no clear correlation between UV and CV, though smaller voltages were
recorded in areas of conduction slowing (1.74 [0.88 – 3.53] mV vs. 4.72 [2.46 – 7.61]
mV, P<0.001) and conduction block (1.22 [0.69 – 2.26] mV vs. 4.79 [2.55 – 7.65] mV,
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P<0.001). There was a clear difference in UV between fractionated potentials and
single potentials in which the former type results in smaller voltages compared
to the latter (2.05 [1.04 – 3.75] mV vs. 5.16 [2.85 – 8.01] mV, P<0.001). In addition, as
demonstrated in Figure 2, there was a clear inversely proportional relationship
between UV and the number of additional deﬂections (1: 5.16 [2.85 – 8.01] mV; 2:
2.20 [1.14 – 3.95] mV; 3: 1.21 [0.68 – 2.26] mV; ≥4: 0.94 [0.52 – 1.71] mV, P<0.001 for all).
Furthermore, UV was inversely correlated with age and BMI (R2=0.21; age: -0.04
mV/year, P=0.005; BMI: -0.07 mV/kg/m2, P=0.043). There was no difference in UV
between patients with different gradients of mitral insufficiency or stenosis.
Table 2 – Analysis of electrophysiological parameters per patient (N=67)
Right atrium
Number of potentials
Amplitude (mV)
Fractionated potentials (%)
Low voltage (%)
Fractionated low voltage (%)
Bachmann’s bundle
Number of potentials
Amplitude (mV)
Fractionated potentials (%)
Low voltage (%)
Fractionated low voltage (%)
Pulmonary vein area
Number of potentials
Amplitude (mV)
Fractionated potentials (%)
Low voltage (%)
Fractionated low voltage (%)
Left atrium
Number of potentials
Amplitude (mV)
Fractionated potentials (%)
Low voltage (%)
Fractionated low voltage (%)

MVD without AF (N=44)

MVD with AF (N=23)

p-value

4,067 [3,346–5,797]
4.86 [3.97–5.71]
14.79 [9.76–19.60]
6.49 [2.34–9.15]
50.0 [37.5–64.4]

4,229 [2,881–4,936]
4.75 [3.84–6.15]
16.55 [8.70–23.83]
8.37 [2.94–14.06]
54.4 [37.2–65.0]

0.086
0.492
0.197
0.150
0.433

984 [783–1,206]
4.92 [3.45–6.09]
19.58 [12.40–31.72]
1.79 [0.37–8.02]
85.0 [77.5–98.3]

940 [779–1,126]
2.95 [2.24–4.57]
28.68 [17.70–39.55]
11.98 [2.95–21.50]
74.6 [50.2–96.2]

0.295
0.007
0.064
0.001
0.080

1,979 [1,441–2,608]
3.84 [2.45–7.15]
11.89 [9.08–17.01]
6.49 [0.20–13.31]
36.7 [18.5–61.7]

2,136 [1,592–2,596]
3.95 [2.62–5.02]
21.70 [13.48–28.63]
10.19 [3.89–14.28]
51.3 [23.6–65.4]

0.497
0.268
< 0.001
0.061
0.342

1,626 [1,132–2,302]
4.42 [2.99–5.87]
10.92 [6.43–17.74]
3.63 [1.57–11.35]
25.9 [10.7–48.8]

1,777 [1,062–2,077]
4.64 [3.65–5.72]
17.47 [11.30–20.54]
4.04 [0.72–8.98]
29.6 [17.5–73.4]

0.439
0.363
0.062
0.358
0.144

Values are presented as median [interquartile ranges] or as N (%). (P)AF, (paroxysmal) atrial
ﬁbrillation.

Unipolar voltage mapping
In Figure 3, 12 representative examples of color-coded spatial distributions of
potential voltages during SR in 6 patients without and 6 with PAF are shown. In all
patients, there is a wide variation in potential voltages throughout the entire atrial
surface without a clear predilection site for low voltages.
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Figure 2 – Relation between potential amplitude and number of deﬂections. Potential amplitude
is given as median with interquartile ranges.

Regional differences in unipolar voltages
In the following step, U-EGMs were subdivided according to the corresponding
atrial recording regions (RA, BB, PVA and LA); their characteristics are listed in Table
2. In the no AF group, there were no signiﬁcant differences in median potential
voltages between the various atrial regions (P=0.750). However, in the PAF group,
UVs of potentials recorded at BB (2.95 [2.24–4.57] mV) were signiﬁcantly lower
compared to RA potentials (4.75 [3.84–6.15] mV, P=0.004) and LA potentials (4.64
[3.65–5.72] mV, P=0.003). Comparing the no AF and PAF group, UVs at BB were
signiﬁcantly lower in the latter group (no AF: 4.92 [3.45–6.09] mV, PAF: 2.95 [2.24–
4.57] mV, P=0.007).
In the no AF group, there was a signiﬁcantly higher number of fractionated
potentials at BB (19.58 [12.40–31.72] %) compared to the RA (14.79 [9.76–19.60] %,
P<0.001), PVA (11.89 [9.08–17.01] %, P<0.001) and LA (10.92 [6.43–17.74] %, P<0.001).
In the PAF group, a signiﬁcantly higher number of fractionated potentials was
observed in BB (28.68 [17.70–39.55] %) compared to the RA (16.55 [8.70–23.83] %,
P<0.001) and LA (17.47 [11.30–20.54] %, P=0.001), but not at the PVA (21.70 [13.48–
28.63] %, P=0.114). Compared to the no AF group, more fractionated potentials at the
PVA were found in the PAF group (no AF: 11.89 [9.08–17.01] %; PAF: 21.70 [13.48–28.63]
%; P<0.001).
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Figure 3 – Representative examples of unipolar epicardial voltage maps. Maps during one
sinus beat in six patients without history of AF (left) and six patients with PAF (right). (P)AF,
(paroxysmal) atrial ﬁbrillation are shown.

Determination of low voltage areas
The p5 of all potentials obtained from all MVD patients without AF was 1.0 mV,
which was therefore used as cut-off value in identiﬁcation of low voltage areas. As
demonstrated in Table 2, a larger number of low voltage potentials were recorded
at BB in the PAF group compared to the no AF group (no AF: 1.79 [0.37–8.02] %, PAF:
11.98 [2.95–21.50] %, P=0.001).
Regional differences in low voltage areas
Within the areas of low voltage, 46.2 [31.0–59.8] % of the potentials were fractionated
in the no AF group and 47.1 [38.9–56.4] % in the PAF group (P=0.450). Speciﬁcally, in
the no AF group, most fractionated low voltage potentials were found at BB (BB:
85.0 [77.5–98.3] % vs. RA: 50.0 [37.5–64.4] %, P<0.001; PVA: 36.7 [18.5–61.7] %, P<0.001;
LA: 25.9 [10.7–48.8] %, P<0.001). In addition, the amount of fractionated low voltage
potentials was higher at the RA compared to the LA (P<0.001). In the PAF group,
however, BB was only higher compared to the PVA and LA (BB: 74.6 [50.2–96.2] % vs.
PVA: 51.3 [23.6–65.4] % and LA: 29.6 [17.5–73.4] %, P=0.003 & P=0.006 respectively).
Individual voltage ﬁngerprints
The voltage distribution is depicted for each individual patient in a so-called voltage
ﬁngerprint, as demonstrated in Figure 4. In all patients, there was a considerable
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variation in voltage distribution between all atrial regions and clear inter-individual
differences were found. In the no AF group, considerable inter-individual variations
in the dispersion of median voltages were found between the atrial regions ranging
from 0.78 to 9.90 mV (median: 4.11 mV), while in the PAF group the variations ranged
from 0.51 to 7.23 mV (median: 3.45 mV) (P=0.070). The p5 of the voltages differed
between the individual patients, and between the patients without AF and with
PAF (no AF: 0.84 [0.71–1.12] mV; PAF: 0.65 [0.57–1.01] mV; P=0.041). In all patients,
fractionation was found in one or more atrial regions, ranging in the no AF group
from 0.54 % to 31.89 % (median: 15.60 %) and from 8.86 % to 29.77 % (median: 18.61
%) in the PAF group (P=0.037).
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Figure 4 – Boxplots of the voltage distributions during SR for patients without AF (left) and
PAF (right). Plots are depicted for each patient separately, recorded at the right atrium (RA),
Bachmann’s bundle (BB), pulmonary vein area (PVA) and left atrium (LA). For each patient a
pie plot of the potential type distribution is given, indicating the number of single potentials
(green) and fractionated potentials (red). The red line indicates a patient’s voltage p5 and
the grey line represents the overall voltage median per atrial region. Patients are ranked in
descending order according to the amount of single potentials at BB.

Predilection sites for low voltage areas
For each individual patient, the location with the highest amount of low voltage was
determined, as demonstrated in Figure 5. In the no AF group, there was no clear
predilection site for low voltage areas. However, the amount of low voltage areas
at the RA (7.8 [3.1–11.4] %) was lower compared to BB and PVA (22.3 [11.6–26.2] % and
19.8 [12.5–32.5] %; p=0.007 & p<0.001 respectively). In the PAF group, low voltage
areas occurred more frequently at BB (48%), yet, comparable to the no AF group,
there were no signiﬁcant regional differences in the amount of low voltage areas.
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Comparing the no AF and PAF group, low voltage areas occurred more frequently
at BB (21% vs. 48%; p=0.020) in the PAF group. However, the amount of low voltage
sites did not differ at any region between both groups.
No AF

ϮϬ͕ϱй

ϰ͘ϯй

AMOUNT

PAF

ϭϰ͕ϳй
MEDIAN

ϯϭ͘ϰй

No AF

ϮϬ͕ϱй

ϰ͘ϯй

AMOUNT

PAF

ϭϰ͕ϳй
MEDIAN

ϯϭ͘ϰй

Figure 5 – Areas of low voltage and amount of low voltage. Bars plotted on a schematic
posterior view of the atria demonstrating the most prominent site of low voltage areas (left
panel) and amount of low voltage (right panel), depicted for patients without atrial ﬁbrillation (AF, blue) and with paroxysmal AF (red) in the right atrium (RA), Bachmann’s bundle
(BB), pulmonary vein area (PVA) and left atrium (LA).

Discussion
In this study, we measured UVs at a high resolution scale in MVD patients with
and without history of PAF and demonstrated extensive intraregional and interindividual differences in voltage distribution in both patients without and with a
history of AF. Even in SR, patients with PAF have lower UVs at BB and a higher
number of low voltage potentials. In addition, areas with low voltage potentials
were present in all patients, yet we did not ﬁnd any predilection sites for low voltage
potentials to occur.
Unipolar voltage mapping
Structural properties of atrial tissue can be estimated from the spatial distribution of
EGM amplitudes, commonly known as voltage mapping. These EGMs are recorded
in either the unipolar or bipolar conﬁguration. In daily clinical practice, the bipolar
EGM is more commonly used as it contains more local information from the area
of myocardium between two electrodes. However, in bipolar recordings, several
non-substrate related factors can theoretically inﬂuence the EGM voltage, like
activation orientation, electrode spacing, electrode size, tissue contact and ﬁltering,
and may therefore provide less accurate information on the arrhythmogenicity
of the underlying myocardial tissue. 5, 13, 14 U-EGMs, on the other hand, can be
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regarded as the sum of instantaneous current dipoles of a wavefront, reﬂecting
cardiac electrical activity of the tissue surrounding the recording electrode. As
the amplitude depends on the volume of simultaneously activated cardiac tissue,
synchronous activation of myocardium results in relative large amplitude U-EGMs,
whereas areas of asynchronously activated myocardium cause a decrease in
U-EGM amplitudes.15 It is for these reasons that U-EGMs are more and more used
in newly developed mapping systems.6, 7
Determination of low voltage areas
Low-UV EGMs are commonly associated with areas of ﬁbrosis, which produce
reduced electric ﬁelds and consequently lower potential differences.16 The
relationship between clinical outcomes, AF substrate factors, AF triggers and low
voltage areas depend critically on the voltage threshold chosen to deﬁne low
voltage. A value of 0.5 mV is commonly used to deﬁne low voltage in atrial bipolar
EGMs which is not based on the presence of deﬁned underlying abnormalities
in atrial structure or function.17 In our study, we used a value of 1.0 mV, which
was based on the 5th percentile of all measured potential amplitudes in the
MVD patients without AF. Other studies deﬁne abnormal voltage as the voltage
at the 5th percentile of all mapping points within one patient, resulting in a wide
range of threshold values and various thresholds for different atrial segments
depending on the locations of the mapping points. In both groups, there was a
large inter-individual variability in the 5th percentile. We only used data of the
patients without AF to determine a ‘threshold’ for identiﬁcation of low voltage areas,
though structural remodeling is most likely also present in this population. The
extent of remodeling is more pronounced in patients with AF, which is reﬂected by
the lower 5th percentiles observed in the PAF group. However, the absolute voltage
threshold for structural remodeling remains arbitrary, as we have no true healthy
population undergoing cardiac surgery available.
Determinants of atrial voltage
UV is primarily determined by cardiac electrical activity of the tissue surrounding the
recording electrode which decreases with distance. Areas of synchronous activation
in the longitudinal axis of myocardial ﬁbers result in fast wavefront propagation and
large UV potentials.15 In addition, thicker cardiac muscle bundles will result in larger
UV potentials as compared to small bundles. In case of areas with non-uniform
anisotropy, activation becomes asynchronous. This will result in smaller UV potentials
as smaller volumes of cardiac tissue are simultaneously activated. In particular, lowvoltage fractionated potentials with multiple additional deﬂections are regarded
as part of the arrhythmogenic substrate underlying AF.16 We demonstrated that
UV decreases when the number of additional deﬂections increases. It is generally
assumed that low amplitude, fractionated potentials reﬂect critical regions of slow
conduction or conduction block.18 Moreover, we demonstrated that UV is lower in
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areas of slowed conduction or conduction block, which might indicate areas of
ﬁbrotic tissue. However, even in the areas of conduction block, not all recorded
potentials were fractionated, low amplitude potentials and there was therefore no
generally clear relation between UV and CV. In a previous study, we demonstrated
that UV of single potentials are mainly determined by their relative R- and S-wave
morphology, which could provide additional information on CV and wavefront
propagation.19 Consequently, low voltage potentials could also be explained by
asymmetry of the relative R- and S-wave amplitudes. It is for these reasons that
(low) UV alone does not automatically indicate ‘diseased’ atrial tissue and therefore
an absolute voltage threshold for structural remodeling remains arbitrary.
Regional differences in epicardial voltage
Several studies have described differences in voltages between various atrial
regions as well as regional differences between paroxysmal and persistent AF
patients.8, 9, 20 We did not ﬁnd regional differences in median voltages in patients
without AF. However, as demonstrated by our voltage ﬁngerprints, there were
considerable differences in voltage distributions throughout the atria in all
patients.
Given that voltage is affected by atrial wall thickness and that wall thickness varies
throughout the atria, it is likely that some of these differences are explained by
variations in wall thickness. Nevertheless, other factors such as external pressing
with the electrode array and atrial walls stress may also inﬂuence the recorded
voltages.
Structural remodeling
MVD patients undergoing cardiac surgery, – even without a history of AF – usually
have advanced structurally remodeled atria due to altered hemodynamics and
therefore MVD is a well-known risk factor for developing AF.21-23 Extensive areas of
low voltage potentials are therefore also present in MVD patients without history
of AF. In addition, AF itself also causes electrical remodeling, thereby increasing
the arrhythmogenic substrate. While these changes may be a consequence
of AF, it could also be a result of primary structural abnormalities caused by
MVD. In addition, in patients with MVD it has been demonstrated that there are
electrophysiological differences between and within both the LA and RA. Based
on these observations, it was suggested that the structural changes responsible for
initiating and maintaining AF could be diffusely located and different to patients
with lone AF.23
A prior study in MVD patients with AF suggested that the posterior wall may be
especially rich in ﬁbrotic tissue compared to the LA appendage. 24 In addition,
patients with MVD with enlarged LA dimensions – resulting in elevated atrial wall
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stress – have an increased risk of developing AF.25 Interestingly, in our population,
there were no differences in voltages obtained from the LA and PVA between the
no AF and PAF group. However, more fractionated potentials were found in these
areas in patients with PAF. As fractionation represents asynchronous activation
caused by e.g. ﬁbrotic tissue, this could also be indicative of an increased deposition
of ﬁbrotic tissue in these areas.16 This is supported by a study of Boldt et al. who
found an increased expression of ﬁbrosis in the left atrial tissue of patients with
MVD.26
Multiple earlier mapping studies found clear correlations between the presence
of low voltage areas and the development of AF.2-4 In our study, low voltage areas
were found in all patients, though lower UVs and more low voltage areas were
found in the PAF group at BB. In addition, we could not ﬁnd any predilection site
for low voltage areas in both of our groups, though signiﬁcant inter-individual
differences were found in UV and low voltage areas. Besides, earlier studies found
more conduction disorders at BB in patients with valvular heart disease, possibly
relating to the increased amount of low voltage areas and lower epicardial voltage
at this region.27, 28 These observations further support the concept that structural
remodeling associated with AF development is diffusely located in the atria in this
patient population.
Clinical implications
MVD patients frequently undergo cardiac surgery and concomitant arrhythmia
surgery is performed when AF is present. In these patients, next to PV isolation,
epicardial mapping during surgery could provide additional information on the
arrhythmogenic substrate as potential target sites for ablation. However, though
the extend of remodeling is more pronounced in patients with AF, the absolute
voltage threshold applied in this study for structurally remodeled atria does not
permit to clearly separate patients for whom those areas may be suitable target
sites for ablation. Therefore, low voltage areas during SR should carefully be used
as target sites for (surgical) ablative therapy in this patient population.
In addition, large intra- and inter-individual variation in potential voltages found
in our study population highlights the requirement of an individualized, patient
tailored diagnosis and therapy of the arrhythmogenic substrate in patients with
MVD and AF. It is likely, that due to increased nonuniform anisotropic properties of
atrial myocardium in MVD patients, UVs alter when the direction of the activation
wavefront, during e.g. atrial extrasystolic beats and tachyarrhythmias, changes.
Therefore, the next step is to examine voltage maps during tachyarrhythmias such
as AF and to compare them with SR voltage maps in order to decode electrical
conduction properties and possible additional frequency- and direction dependent
conduction disorders.
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Study limitations
Most patients with AF in our study had PAF instead of (longstanding) persistent
AF. Electrical and structural remodeling in these patients is considered to be
less extensive, therefore more differences in SP morphology are expected with
increasing AF persistence. In addition, as MVD patients undergoing cardiac surgery,
-even without a history of AF- usually have advanced structurally remodeled atria,
this population is not representative of all patients undergoing AF ablation.
The recorded UV might also be inﬂuenced by variable contact of the electrode array
with the cardiac tissue, which could have introduced a bias in the data. However, this
bias is considered to be minimal as conﬁrmation of good contact of the electrode
array with cardiac tissue was an important step in the mapping procedure. Besides,
loss of contact could be easily recognized during post processing of the data. In
addition, the presence of epicardial fat could have inﬂuenced our results as earlier
studies showed that the presence of thick fat is associated with attenuated EGM
voltages.29 Though these observations are based on bipolar EGMs and we did not
experience any large effects of visually present epicardial fat, we cannot ascertain
that the presence of epicardial fat has inﬂuenced our results.
Whether general anesthesia and intraoperative drugs inﬂuence conduction is
yet to be investigated; however, a standard anesthetic protocol was used for all
patients and SR was conﬁrmed during all mapping procedures. Possible effects of
anesthesia would therefore be equally dispersed among the patient population. In
addition, high‐resolution mapping of the interatrial septum could not be performed
with our closed beating heart approach.

Conclusions
Unipolar voltage mapping at high resolution scale in patients with MVD,
demonstrated dissimilarities in voltage distribution between the various atrial
regions and individual patients. Even in SR, potential voltages at BB were lower
in MVD patients with PAF compared to those without AF. Though there were no
predilection sites for low voltages to occur, low voltage areas were even present
in MVD patients without a history of AF. In addition, an increased number of low
voltage potentials was found at BB in MVD patients with PAF. Both considerable
intra- and inter-individual variation in potential voltages were found in our study
population, which underlines the importance of an individualized electrical signal
proﬁle which can be used to characterize complex conduction disorders and to
develop patient tailored diagnoses and therapy.
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Chapter 8

Abstract
Background
Endo-epicardial asynchrony (EEA) and the interplay between these layers could
be important in the pathophysiology of atrial arrhythmias. The morphological
differences between epicardial and endocardial atrial electrograms have not been
described so far and electrogram morphology may hold information about the
presence of EEA.
Objective
This study directly compared epicardial to endocardial unipolar electrogram
morphology during sinus rhythm (SR) and evaluated whether EEA contributes
to electrogram fractionation by correlating fractionation to spatial activation
patterns.
Methods
In 26 patients undergoing cardiac surgery, unipolar electrograms were
simultaneously recorded from the epicardium and endocardium at the inferior,
middle and superior right atrial (RA) free wall during SR. Potentials were analyzed
for epi-endocardial differences in local activation time, voltage, RS-ratio and
fractionation. The surrounding and opposite electrograms of fractionated
deﬂections were evaluated for corresponding local activation times in order to
determine if fractionation originated from EEA.
Results
The superior-RA was predisposed for delayed activation, EEA and fractionation.
Both epicardial and endocardial electrograms demonstrated an S-predominance.
Fractionation was for the majority similar between both sides, however, incidentally
deﬂections up to 4mV on one side could be absent on the other side. Remote
activation was responsible for most fractionated deﬂections (95%) in SR of which
4% could be attributed to EEA.
Conclusions
Local epi-endocardial differences in electrogram fractionation occur occasionally
during SR, but will likely increase during arrhythmias due to increasing EEA and
(functional) conduction disorders. Electrogram fractionation can originate from
EEA and we demonstrated that unipolar electrogram fractionation can potentially
identify EEA.
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Introduction
Differences in electrophysiological properties of the ventricular epicardial and
endocardial wall have been long recognized and linked to arrhythmogenesis.1
Although wavefronts travelling out of sync at the epi- and endocardium of the thin
atrial wall were already demonstrated more than two decades ago2, unravelling of
the link between endo-epicardial asynchrony (EEA) and atrial arrhythmias has only
started recently3. Asynchrony in epi- versus endocardial propagating waves and
the complex ﬁber arrangement of the atria may also give rise to epi-endocardial
differences in the morphology of electrograms. Houben et al. have proposed that
the ratio between the R-peak and S-peak of unipolar atrial electrograms may differ
between the epicardium and endocardium and could identify the leading layer.4
Other features of electrogram morphology such as amplitude and fractionation
have been used to identify areas with scar tissue and arrhythmogenic areas. 5
Electrogram fractionation occurs when there is inhomogeneity in conduction
within or remotely from the recording site and can have structural or functional
causes.6 The intricate structure of the atria might be a substrate for epi-endocardial
differences in fractionation and occurrence of EEA. Asynchronous activation within
the wall could in turn be responsible for additional deﬂections in electrograms.
In a clinical setting, epi- and endocardial mapping is never performed simultaneously and therefore, the differences and relationships between epi- and
endocardial atrial electrogram morphology are so far unknown. This study is
the ﬁrst to directly compare unipolar epicardial electrograms to endocardial
electrograms that have been recorded simultaneously at the right atrial wall
during sinus rhythm (SR) in order to evaluate 1) if (local) morphologic features differ
between epi- and endocardial electrograms and 2) if a fractionated electrogram
morphology can arise from local EEA in activation. To this end, we developed a
method to classify fractionation to its electrophysiological origin by correlating
fractionated potentials to spatial patterns of activation.

Methods
Study population
Twenty-six adult patients undergoing ﬁrst-time cardiac surgery with use of
cardiopulmonary bypass were included (21 male; 67±10 years). Nineteen(73%) patients
were operated for coronary artery disease, 12(46%) for (concomitant) valvular heart
disease, 11(42%) patients had a history of atrial ﬁbrillation (AF) and 6(23%) had
impaired left ventricular function. Clinical characteristics are further described in
Supplemental table 1. The study protocol was approved by the local ethics committee
(MEC2015-373) and all patients gave informed consent for inclusion prior to surgery.
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Intraoperative epi-endocardial mapping
Two multi-electrode arrays, each containing 128 electrodes with 2 mm inter
electrode spacing, were ﬁxed on spatulas and positioned directly opposite to each
other (Figure 1, left panel). After arterial cannulation for cardiopulmonary bypass,
an incision was made in the right atrial appendage for venous cannulation. Before
venous cannulation, one spatula was introduced in the right atrium through the
incision and the opening around the spatula was closed with a purse string suture.7
Atrial epi- and endocardial unipolar electrograms were simultaneously recorded
for 5-10 seconds during SR at three different locations of the RA free wall: 1) inferiorRA, 2) mid-RA, 3) superior-RA. Unipolar electrograms were sampled at 1kHz and
stored on hard disk after ampliﬁcation, ﬁltering (0.5-500Hz) and analogue-todigital conversion. Detailed methods are provided in the Supplemental material.
Data analysis
Electrogram morphology was analyzed semi-automatically in MATLAB R2016a
(The MathWorks Inc., Natick, MA, USA). Electrograms with injury potentials
were excluded from analysis and recording sites with ≥25% excluded or missing
electrograms were excluded in total (Supplemental ﬁgure 1). SR potentials were
analyzed for fractionation (number of deﬂections), peak-to-peak amplitude
(voltage) and RS-ratios; atrial extrasystoles were excluded. The potentials in each
electrogram were averaged for voltage and RS-ratio comparison. The steepest
negative deﬂection of a potential was marked as local activation time (AT) if
the slope was ≥0.05mV/ms and the deﬂection had a signal-to-noise ratio >2.
Additional deﬂections with a slope ≥10% of the local AT (and ≥0.05mV/ms), a peakto-noise ratio >2 and, either an amplitude of >1/6 of the amplitude of the local
activation deﬂection, or a signal-to-noise ratio >5 were marked as fractionation
(Supplemental ﬁgure 2). Only non-fractionated potentials (single deﬂections) were
analyzed for the ratio between the R-peak and S-peak (RS-ratio).4 All signal
markings were manually checked and corrected in case of markings on electrical
artifacts evaluated by a consensus of two investigators. Figure 1 demonstrates
the analysis of signal amplitudes and RS-ratios. Delayed activation is deﬁned as
interelectrode differences in AT >11ms (<17cm/s) of electrodes in the same plane.
The amount of delayed activation is expressed in mm: the number of interelectrode
differences >11ms × the interelectrode distance (2mm).
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Figure 1 – Epi-endocardial mapping and signal analyses. Left: two spatulas with 128-electrode arrays are ﬁxed together and one spatula is introduced in the right atrium through the
incision for venous cannulation. Unipolar electrogram recordings are made on 3 locations:
towards the inferior vena cava (inferior-RA), the superior vena cava (superior-RA) and in
between, towards the terminal crest (mid-RA). Middle: the steepest deﬂection is marked as
local activation time (AT, red cross) and additional deﬂections (blue crosses) are marked as
fractionated deﬂections if the criteria for fractionation are met (see text). Signal morphology
is analyzed for number of deﬂections, the RS-ratio (only single potentials) and peak-to-peak
amplitude (potentials with multiple deﬂections: amplitude between the maximal and minimal peak). Fractionation interval (FI) is the time between the fractionated deﬂection and
local AT within the potential. Right: an example of epi-endocardial activation time maps
with isochrones is shown on the top. For classiﬁcation, two rings of electrograms around a
fractionated deﬂection (blue dot) in the same and opposite plane are searched for coinciding (peak-to-peak time distance ±3ms error margin) deﬂections of local ATs.

Analysis of local epi-endocardial differences
Local differences in AT, RS-ratio and fractionation between the epi- and
endocardium were determined by comparing each electrogram with the
electrograms in the opposite square; the exact opposite electrogram and its 8
surrounding electrograms. The local difference was the minimal difference of the
potentials in the opposite square, as previously described.3 Border electrodes were
excluded from analysis of local differences. For local differences in RS-ratio only
recordings with <25% fractionated potentials were included. Fractionated potentials
with ≥15ms between the ﬁrst and last deﬂection were analyzed for detection of all
(separate) deﬂections on both sides at the same time (epi-endocardial comparison
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of coinciding deﬂections). Each deﬂection was tested whether its steepest point fell
within peak-to-peak time limits (±3ms error margin) of deﬂections at the opposite
square. The deﬂections that were not detected on the other side, as no coinciding
deﬂection meeting the annotation criteria was present, were also manually
examined for visual absence.
Classiﬁcation of fractionation
Each fractionated deﬂection was evaluated if it could be attributed to remote
activation: to delayed (discontinuous) activation in the surrounding tissue in the
same layer or to EEA. The adjacent and opposite, ﬁrst and second electrodering around the fractionated potential were searched for deﬂections of local ATs
coinciding with the fractionated deﬂection. If the fractionated deﬂection fell within
peak-to-peak time limits (±3ms) of the deﬂections of local ATs, it was classiﬁed
based on the plane(s) where the corresponding local AT(s) was located in (Figure
1, right panel).
Corresponding ATs were either present in: 1) same plane, 2) opposite plane, 3)
both planes or 4) none (absence of corresponding local AT). Border electrodes
were excluded from analysis. Fractionation interval for fractionated deﬂections was
deﬁned as the time interval between the fractionated deﬂection and the deﬂection
of the local AT (Figure 1, middle panel).
Statistical analysis
Normally distributed data are presented as the mean±SD and skewed data are
presented as the median (p10-p90). Electrophysiological parameters were in
square root or log transformed in case of a non-normal distribution. Linear mixed
models were used to investigate the associations between location (independent
variable) and electrophysiological parameters (dependent variable). Random
intercepts were used for location. When normal distributions could not be obtained
using transformations, the Friedman test was used to investigate the associations.
Comparison of epi- and endocardial amounts of delayed activation was done with
the Wilcoxon signed rank test. Spearman rho coefficient was used to determine
the correlation between cycle length and amount of delayed activation. The
associations of location and side with morphological parameters of electrograms
were evaluated using Generalized Estimated Equations. The skewed distribution
of RS-ratios could not be transformed to a normal distribution and RS-ratios were
therefore converted to a binomial distribution by setting the lowest-quartile (<-0.51)
of RS values as “highly” S-dominant. Correlation structure was chosen based on the
Goodness of Fit in the Quasi Likelihood function and the inferior-RA served as the
reference in the models evaluating locations. Statistical analyses were performed
with IBM SPSS Statistics version 21 (IBM corp.,Armonk, NY).
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Results
Electrophysiological data and parameters
Recordings at the inferior, mid and superior-RA were included of respectively, 26,
25 and 21 patients. SR cycle lengths did not change between the RA locations;
inferior: 902±202, mid: 908±193 (p=0.72) and superior: 827±162 (p=0.17). The amount
of delayed activation increased from the inferior to the superior-RA: 12(0-80),
32(0-99)(p=0.095), 74(18-178)mm (p<0.001). At the superior-RA, the endocardium
demonstrated more delayed activation than the epicardium; 26(0-61) vs. 44(7-124)
mm (p=0.010). No correlation was present between SR cycle length and amount
of delayed activation (r=0.05, p=0.81). A total of 102,129 potentials were analyzed
in 16,954 electrograms, including 50,714 potentials of 8,423 electrograms recorded
at the epicardium and 51,415 potentials of 8,531 electrograms recorded at the
endocardium. An overview of the individual patient results has been provided in
Supplemental table 2.
Unipolar voltages
From the inferior to the middle and superior-RA electrogram voltage decreased
gradually from 8.0(3.1-16.3), to 6.4(2.4-13.3)(p=0.001) and to 4.9(1.7-11.7)mV (p<0.001).
Opposite epi- and endocardial electrogram amplitudes demonstrated a positive
linear relationship (Figure 2, lower left panel). As it was expected that voltage is
dependent on fractionation, potentials were categorized into singles, doubles and
complex fractionated (>2 deﬂections) potentials. Figure 2 demonstrates that unipolar
voltage indeed decreased with more fractionated potentials at both the epi- and
endocardium. The largest epi-endocardial difference in amplitude was observed
for unipolar potentials with single deﬂections which had an epi- versus endocardial
amplitude of respectively 8.3(3.8-14.7) vs. 6.7(2.8-16.1)mV (p=0.08). Double potentials
had epi-endocardial amplitudes of 4.1(1.6-8.3) vs. 3.8(1.3-8.5)mV (p=0.45) and complex
fractionated potentials had amplitudes of 2.5(1.1-4.7) vs. 2.7(1.2-5.1)mV (p=0.08). The
percentile-ranges of endocardial potentials were wider than of epicardial potentials.
RS-ratio of epi-endocardial single deﬂections
The RS-ratios of potentials with single deﬂections recorded at the epi- and
endocardium are demonstrated in Figure 3 for each RA-location. Both sides
demonstrated a clear S-predominance, which increased at the mid-RA (p=0.001)
and superior-RA (p<0.001). Epi- vs endocardial median RS-ratios at the inferior-RA
were -0.23(-0.53- +0.26) vs. -0.25(-0.53-+0.26), at the mid-RA, -0.32(-0.78-+0.06)
vs. -0.34(-0.72-+0.07) and at the superior-RA, -0.43(-0.96-+0.09) vs. -0.46(-0.97+0.11). Many potentials at the superior-RA, the area of the sinus node, had an
S-morphology (RS-ratio of -1) at both sides (11 vs 13%). Local differences in RSratios were between 0-0.22 for 95% of the data, without either side having more
S-predominance than the other side (Figure 3).
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Figure 2 – Epi-endocardial unipolar voltage. Top left: example of epi- and endocardial
voltage maps. Bottom left: scatter plot of epi-endocardial unipolar voltages. Right: relative frequency histograms of unipolar epicardial and endocardial electrogram voltage for
singles, doubles and complex fractionated potentials. Vertical lines indicate the median.

¨

Figure 3 – Relative frequency histograms of epicardial and endocardial RS-ratios and local
epi-endocardial RS differences. Top three panels: RS-ratios per location, negative values
represent increasing S-predominance, positive values represent increasing R-predominance. Medians are indicated by vertical colored lines. Bottom panel: local differences in
RS-ratio between epi- and endocardium. Negative values represent smaller RS-ratio values
at the epicardium, positive values represent smaller RS-ratio values at the endocardium.
Between the dashed grey lines 95% of the data is represented.
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Epi-endocardial differences in fractionation
Relative incidence of singles, doubles, triples and potentials with more than 3
deﬂections was respectively, 76, 20, 3 and <1%. Incidence of fractionated potentials
(>1 deﬂection) demonstrated an increasing trend from the inferior-RA (16%) towards
the mid-RA (22%, p=0.136) and was highest at the superior-RA (36%, p<0.001).
Epi- versus endocardial incidence of fractionation was at the inferior-RA 15 vs.
17%(p=0.29), at the mid-RA 21 vs. 22%(p=0.45), and the superior-RA demonstrated a
trend towards more fractionated potentials at the endocardium: 33 vs. 38%(p=0.09).
Local epi-endocardial differences in the number of detected deﬂections occurred
in 6.6% (Table 1).
Table 1 – Epicardial vs. endocardial fractionation
Total fractionation (%)
Singles
Doubles
Epi Endo Epi Endo
Inferior 84.7 82.9 12.8 14.5
Mid
79.4 77.7 17.5 19.2
Superior 67.3 62.0 27.1 30.6
Total
77.8 75.0 18.6 20.8

Triples
Epi Endo
2.3 2.4
2.6 2.8
4.4 6.4
3.0 3.7

Complex (>3)
Epi Endo
0.2 0.2
0.4 0.3
1.2 1.1
0.6 0.5

Local differences in fractionation
Δ Epi-endo no. of deﬂections (%)
0
1
2
≥3
95.7 4.1 0.2 <0.1
93.2 6.5 0.2 <0.1
90.8 8.7 0.5 <0.1
93.4 6.3 0.3 <0.1

A total of 1580 electrograms contained potentials with fractionated deﬂections with
a fractionation interval ≥15ms. In 271 of those 1580 cases, deﬂections remained
undetected on the other side, based on the annotation criteria, and 53 of those
271 deﬂections were also visually completely absent. In 41 of 271 cases, the same
number of deﬂections were present on both sides but with epi-endocardial timedifferences between the corresponding deﬂections of 4-85ms (median 13ms). In
the remaining 177 of 271 cases, a (small) deﬂection was visually observed, not
meeting the criteria for a deﬂection. Examples of epi-endocardial differences in
fractionation are provided in Figure 4 and demonstrate that deﬂections up to a
maximum of 4mV on one side could be absent on that location on the other side.
EEA during SR
Right atrial EEA >14ms, as previously deﬁned for AF3, occurred at the inferior-RA in
12% of the patients, the mid-RA in 19% and the superior-RA in 57%. EEA increased
from the inferior to the superior-RA (p=0.001). One patient had by far the most
EEA of the study group (44.4% at the mid-RA) with an endocardial delay of >50ms.
EEA during SR is mainly determined by one side being delayed. The degree and
incidence of EEA is demonstrated in Supplemental ﬁgure 3.
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Figure 4 – Examples of local differences in fractionation between epi- and endocardium.
Four fractionated potentials are shown recorded at the epicardium or endocardium with
the nine electrograms on the direct opposite side (direct opposite and its 8 surrounding
electrograms). In the lower right example the second deﬂection of 4mV at the epicardium
is totally absent at the endocardium.

Fractionation attributable to delayed activation or EEA
For the far majority (95%) of fractionated deﬂections a corresponding local AT was
present in the surrounding tissue of the same or opposite layer (Table 2). In 4% a
local AT was only observed in the opposite plane which corresponds to sites with
EEA (Figure 5A). In 9% a corresponding local AT was only observed in the same
plane, which corresponded to a site with delayed activation that was asymmetrical
between the epicardium and endocardium (local delayed activation in one plane)
(blue outlined potential, Figure 5B). In 83% of fractionated deﬂections a matching
local AT was present in both planes. This group contains 3 underlying causes: 1)
symmetrical epi-endocardial delayed activation (Figure 5C), 2) asymmetrical epiendocardial delayed activation; after the site with a delay in activation (Figure
5B), 3) short fractionation intervals (Figure 5C). Most can be attributed to short
fractionation intervals as the median fractionated interval for these deﬂections was
only 12ms (Table 2). For the remaining 5% of fractionated deﬂections no matching
local AT was found. Some of those had corresponding local ATs distanced >4mm
of the fractionated site (Figure 5B) and more than half (61%) were deﬂections on
electrodes that did not have a complete second ring to search for corresponding
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ATs (relative border electrodes). Figure 5D illustrates an example of a fractionated
deﬂection likely reﬂecting intramural inhomogeneity in conduction; it only appears
in center electrodes without any corresponding local AT. Potentials with more
than 3 deﬂections most often had deﬂections without any corresponding local AT
compared to doubles and singles (17% vs. 3% and 5%).
Table 2 – Classiﬁcation of fractionated deﬂections corresponding with local activation times

Same plane

Doubles
N
%
144
7

Opposite plane

69

Both planes

1682 85

None

91

3

5

FI (ms)
28
(14-58)
27
(11-60)
12
(8-24)
32
(17-60)

Triples
N
%
73
11

FI (ms)
22
(10-27)
26
4 26
(16-37)
553 82 12
(8-23)
22
3 30
(18-56)

Complex (>3)
N
%
FI (ms)
24 15
13
(11-47)
8
5
38
(22-38)
99 63 14
(9-39)
27 17
35
(21-35)

Total
N (%)
241 (9)
103 (4)
2334 (83)
140 (5)

FI, fractionation interval
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Figure 5 – Fractionated potentials attributable to various patterns of conduction disorders.
Panels A-D demonstrate examples where fractionated potentials correspond to remote
myocardial activation in the same plane (outlined in blue), in the opposite plane (outlined in
red) or in both planes (outlined in green) or do not correspond with any remote activation
(outlined in orange). A: epi-endocardial asynchrony causes fractionated deﬂections (blue
marked deﬂections) at the epicardium, matching local activation times (AT, red marked
deﬂections) are only present in the opposite plane. B: at sites with asymmetrical delayed
activation (DA), fractionated deﬂections in front of an area of DA correspond to local ATs in
the same plane, however at the delayed site, fractionated deﬂections correspond to ATs in
both planes. In some cases, even sites >4mm of the DA site show corresponding fractionated potentials. C: fractionated deﬂections at sites with symmetrical DA at both sides, local
ATs are present in both planes. Deﬂections with short fractionation intervals (FI) similar to
normal conduction velocity will also mostly have matching local ATs at both sides. D: the
third deﬂection of the upper complex fractionated potential does not correspond to any local
AT in the same or opposite plane, demonstrating intramural inhomogeneity in conduction.
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Discussion
Electrogram morphology is often used for the identiﬁcation of structural or electrical
remodeled areas with arrhythmogenic properties. Electroanatomical mapping is
in most settings performed via endovascular catheters at the endocardial side. In
recent perspective, it has become clear that asynchrony within the atrial wall can
have an important role in the mechanism of atrial arrhythmias.3, 8 Our study has
shown that EEA over 50ms can already be present during SR and that unipolar
electrogram fractionation can represent the presence of EEA. However, electrical
activity within or on the opposite side of the atrial wall can also occasionally
be missed when only recording electrograms from one side of the wall. At the
superior-RA the highest amount of delayed activation and EEA was observed
and resulted, due to their interdependence, in the highest amount of fractionated
electrograms and lowest voltages.
Right atrial anatomy
Variations between epi- and endocardial unipolar voltage can be explained
from the anatomical structure of the RA wall. The surface of the endocardial right
atrial appendage, unlike the smooth epicardial side, is very irregular due to the
pectinate muscles of varying diameters and the thick terminal crest. The mass
of cardiac bundles is positively correlated to unipolar electrogram voltage and
anatomical studies have shown that pectinate muscles can vary from <1-7mm.9, 10
The different sizes and arrangement of the bundles also cause a variation in the
level of contact with the electrodes on the ﬂat array. Our high-resolution epicardial
mapping study demonstrated recently that epicardial breakthrough waves during
SR were most frequently observed at the superior-RA.11 EEA indeed occurred most
often in this area which also correlated to the highest amount of delayed activation
and fractionation. The superior-RA contains the sinus node within its ﬁbrous case
and the thickest part of the anisotropic terminal crest which may underlie the
proneness of this area to delays in activation, EEA and breakthrough waves.9, 12 The
structural variability of the RA therefore inﬂuences epi-endocardial synchronicity
and electrogram morphology. Electrical activity that remains undetected on one
side may relate to thicker or more irregular parts of the RA.
The value of unipolar electrograms
Unipolar electrograms have the beneﬁt over bipolar electrograms that their
morphology carries additional information about the progression of the wavefront
and remote activations; the ratio between the positive and negative component of
a unipolar electrogram characterizes the start or end of a wavefront and possibly
the curvature of the wavefront and conduction velocity.13 Epicardial electrograms
recorded during AF demonstrated an S-predominance which could not be strongly
correlated to wavefront curvature or anisotropy. 4 A tilted transmural stance of the
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wavefront resulting in an epicardial lead with constant epicardial to endocardial
activation was proposed as theoretical explanation for S-predominance during
AF which would present with more R-predominance at the endocardium. In this
study both epicardial and endocardial electrograms showed an S-predominance
and endocardial electrograms did not have higher RS-ratios than epicardial
electrograms. S-predominance during SR can therefore not be explained by
epicardial to endocardial activation or vice versa. Previous studies demonstrated
that endocardial unipolar electrogram voltage is more useful for detecting areas
of scar at the epicardium than bipolar electrogram voltage due to their range of
view.14 We established that the view of unipolar electrograms can signify presence
of EEA and can reveal areas with intramural inhomogeneous conduction. Detecting
EEA from the endocardium alone requires the atrial “farﬁeld” potentials on unipolar
electrograms that will be ﬁltered out with standardly used bipolar recordings.
Furthermore, the limitations of registering all atrial activity from throughout the
atrial wall demonstrated by our high-density contact mapping approach, will only
increase with non-contact mapping systems. Current mapping approaches may
therefore be insufficient to detect transmural atrial activity.
Epi-endocardial electrograms during atrial arrhythmias
The incidence of local differences in epi- and endocardial electrogram morphology
and of electrogram fractionation due to EEA is relatively low during SR. In the
observations of Schuessler et al. epi-endocardial differences in activation were
least prominent during SR and high-rate pacing, but signiﬁcantly increased with
premature stimulation.2 In a goat model of AF the amount of EEA increased with
AF persistence which was also associated with more inhomogeneous conduction
patterns and a shortening of ﬁbrillation cycle length.15 Our previous study in humans
also demonstrated more EEA at the right atrial wall during AF with incidences
between 0.9-55.9%.3 EEA occurs more frequently in atrial arrhythmias due to the
increase of inhomogeneous conduction and (functional) conduction disorders.
Fractionation due to EEA and local differences in epi-endocardial electrogram
fractionation are therefore expected to increase during atrial arrhythmias.
Especially the right atrial appendage, which has the thickest wall of the whole
atria, is susceptible to local differences in electrogram morphology and EEA.
Nevertheless, also at the left atrium breakthrough waves occur frequently indicating
presence of EEA and with wavefronts decreasing in size during AF, electrogram
amplitude will decrease causing local differences in fractionation more likely to
occur in any area.11, 16 When fractionated electrograms are only ablated from the
endocardial side, epicardial fractionated sites could be overlooked, but more
importantly, these fractionated sites have different pathophysiological origins
including EEA and ablating all fractionated electrograms would only increase
needless atrial scarring.
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Study limitations
Intraoperative simultaneous epi-endocardial mapping in living humans can only be
safely performed at the right atrium, therefore we could not evaluate the relation of
epi- and endocardial electrograms at the structurally less complicated left atrium.
However, epicardial breakthroughs also often present at the left atrium, indicating
the occurrence of EEA at the left atrium during SR as well.11 The ﬁnite area of the
mapping array and relatively low incidence of (complex) fractionation during SR
limited the classiﬁcation of fractionated deﬂections to those situated in the center
of the array. The relatively small number of fractionated deﬂections classiﬁed to
no corresponding local AT is probably still an overestimation.

Conclusions
In SR, EEA of the right atrial free wall occurs to over 50ms difference between
epicardium and endocardium, which has never been described before.
Electrograms on both sides demonstrate an S-predominance and the RS-ratio
cannot be used to identify the leading layer during SR. Fractionated potentials are
not always identical on a high resolution scale and can have local mismatches,
however, these mismatches occur in a minority of cases. If a potential is fractionated
during SR, most additional deﬂections can be explained by conduction disorders in
the same plane and in a small percentage they represent EEA. The incidence of EEA
and EEA based fractionation is relatively low during SR as was expected. However,
during atrial arrhythmias the presence of (functional) conduction disorders and EEA
will increase and therefore epi-endocardial differences in electrogram morphology
and EEA based fractionation will likely increase as well. Particularly interesting,
especially for clinical practice, is the observation that the morphology of unipolar
electrograms can potentially be a tool to identify areas of EEA when recording
electrograms only on one side of the wall.
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Supplemental material
Mapping procedure
Mapping arrangement
Two 16-by-8 multi-electrode arrays (GS Swiss PCB AG, Küssnacht, Swiss) were
sterilized by the local sterilization unit and ﬁxed on sterilized steel spatulas by the
operation staff with Steri-Strip™ adhesives. The spatulas are then bound together
in the middle and end to secure an exact opposite position of the two arrays
during the mapping. The spatula for the epicardial recording was marked for
easy recognition by the surgeon. The connecter side of the array was wrapped in
a sterile sack and both arrays are connected via 3m long shielded cables wrapped
in the sterile sack. Correct connection was ensured by labeling the cables destined
for the epicardial and endocardial side.
Operative and mapping procedure
All patients were anesthetized during cardiothoracic surgery with propofol and
remifentanil or sufentanil and received continuous infusion of norepinephrine or
phenylephrine. Standard monitoring during cardiac surgery included monitoring
of arterial blood pressure, central venous pressure, electrocardiography and
pulse-oximetry. The mapping procedure was performed right before the start
of cardiopulmonary bypass if the hemodynamic status of the patient was stable.
Arterial cannulation was performed ﬁrst, followed by the preparation for mapping
by stitching a bipolar pacing wire to the terminal crest as a reference signal and
placing a steel wire in subcutaneous tissue as the indifferent electrode. Venous
cannulation was initiated by an incision in the right atrial appendage, but before
introducing the cannula, the endocardial spatula with the array was placed in the
right atrium on the endocardial side and the epicardial spatula on the epicardial
side. A purse-string suture closed the opening around the endocardially positioned
spatula. Simultaneous epi-endocardial unipolar electrogram recordings were
performed at three positions for 5-10 seconds during sinus rhythm. In case of
patients with persistent atrial ﬁbrillation, internal electrical cardioversion with 5-10J
was performed for mapping of sinus rhythm. After the mapping procedure, the
operation procedure continued with venous cannulation, cardiopulmonary bypass
and cardioplegia for repair of structural heart disease.
Data analysis
Patient data inclusion
First activation was required to occur at the top or right atrial side of the mapping
area of the superior or middle right atrial recording site, otherwise the rhythm was
labelled as an ectopic atrial rhythm and the patient was not included for analysis.
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Patients required two included recording sites (see below) in order to qualify for
study inclusion.
Electrogram exclusion criteria
Electrograms with injury potentials (that can appear due to ﬁrm contact with local
tissue) were excluded for RS-ratio analysis only or excluded for all analyses based
on the following criteria:
RS ratio exclusion criteria:

elevation of the baseline after the local potential
≥1/3 and < total amplitude of local potential +
concordant shift of potential

Total exclusion criteria:

elevation of the baseline after the local potential
≥1 mV and ≥ total amplitude of local potential

Examples are provided in Supplemental ﬁgure 1. Recording sites with 25% of missing
or total excluded electrograms were excluded from further data analysis which
included either a total number of missing/excluded electrograms ≥64 or a total
of 32 electrodes from which the exact opposite electrode was missing/excluded.
Excluded recording sites of patients are shown in Supplemental table 2.

mV

ms

Supplemental ﬁgure 1 – Examples of potentials excluded from analysis. The baseline after
the potential in the middle is elevated > 1/3 of the total potential amplitude with a concordant
shift of the potential to a positive dominance, this potential is excluded from RS analysis.
The bottom potential is excluded from all analyses as the elevation of the baseline after the
potential is larger than the total potential amplitude.
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Signal marking
Deﬂections and peaks were marked by the criteria stated in the manuscript using
MATLAB R2016a (The MathWorks Inc., Natick, MA, USA). The signal-to-noise ratio
was determined by the amplitude of the deﬂection in relation to the amplitude
of the noise (Supplemental ﬁgure 2, top). The peak-prominence of a new peak
was used to evaluate the peak-to-noise ratio which deﬁned a new deﬂection
(Supplemental ﬁgure 2, bottom). Noise levels were determined for each electrode
separately. All signal markings were checked manually and markings of artifacts
were corrected based on a consensus of two investigators.
Signal-to-noise ratio

mV

ms
Peak-to-noise ratio

mV
= Peak prominence

ms

Supplemental ﬁgure 2 – signal-to noise and peak-to-noise ratio. Top: the ratio between
the amplitude of the deﬂection and amplitude of the noise deﬁned the signal-to-noise ratio.
Bottom: the ratio between the peak prominence and the amplitude of the noise determined
the detection of a new peak and the presence of a new deﬂection.

Analysis of local epi-endocardial differences
Local epi-endocardial differences are analyzed by comparing each potential
to the exact opposite potential and its 8 surrounding potentials; 9 potentials in
total (=opposite square) and determined by the minimal difference of these 9
comparisons. If the opposite square consisted of 6 or less potentials the electrode
was considered a border electrode and was excluded from analysis of local
differences.
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Supplemental ﬁgure 3 – Asynchrony in epi-endocardial activation. Left: relative frequency
histogram demonstrating the distribution of epi-endocardial time-differences in activation
per patient. The time-differences are divided into bins (0-5, 5-15ms, etc.) and shown as the
percentage of epi-endocardial electrograms per location for each patient. The median
patient values are depicted in red. For example, the most left triangle at 40% represent
a patient with 40% of electrograms at the mid-RA having an endocardial delay >50ms.
Incidence of epi-endocardial activation differences of only 0-5ms decreased from the
inferior to superior-RA and, consequentially, incidence of intermediate (5-14ms) and large
(>15ms) differences increased. The average percentages of >14ms asynchrony with endoor epicardial delay are displayed next to the dashed lines for, respectively, the inferior,
mid and superior right atrium. Right: percentage of asynchrony (>14ms) with epicardial vs.
endocardial delay per location for all patients with asynchrony. Asynchrony percentages
are connected for each patient.
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166

76

64

67
82

23

24

25
26
Total/
mean

Male
Male
Male 21
(81%)

Female

Female

Male

Male

Male
Male
Male
Male
Male
Female
Male
Male
Male
Male
Male
Male

Male

Male
Male
Male
Male
Female
Female
Male

Gender

IHD
IHD
IHD 19 (73%)
VHD 12 (46%)

MVD; TVD

MVD

IHD; AVD

IHD; MVD

AVD
AVD
IHD
IHD
IHD
AVD; MVD
AVD
IHD
IHD
IHD
IHD
-

IHD; MVD; PFO

Structural heart
disease
IHD; MVD
IHD
IHD
IHD
IHD
IHD; MVD
IHD; MVD

11 (42%)

Paroxysmal
Longstanding
Persistent
Longstanding
Persistent
None
None

Paroxysmal

None
None
Paroxysmal
Paroxysmal
None
None
None
None
Paroxysmal
None
Persistent
Paroxysmal

None

Paroxysmal
None
None
None
None
None
Persistent

History of AF

4 (15%)

No
No

No

No

No

Yes

No
No
No
No
No
No
No
No
No
No
Yes
No

No

RCA S1
stenosis
No
No
Yes
Yes
No
No
No

3

No
Unknown

Unknown

Yes

No

No

No
Unknown
No
Unknown
No
No
Unknown
Unknown
Unknown
Unknown
Yes
Unknown

No

No
No
Unknown
Unknown
Unknown
Unknown
Yes

Normal 20 (77%)

Normal
Normal

Mild impairment

Normal

Normal
Normal
Mild impairment
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Severe impairment
Normal
Moderate
impairment
Normal

Normal

Normal
Normal
Normal
Normal
Normal
Mild impairment
Mild impairment

Dilated RA LV function

15 (58%)

No
Yes

No

Yes

Yes

Yes

No
Yes
No
No
Yes
No
Yes
No
Yes
Yes
No
Yes

No

10 (39%)

Yes
Yes

No

Yes

No

No

No
No
No
No
Yes
Yes
Yes
Yes
No
No
No
No

No

Hypertension Diabetes
mellitus
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No

7 (27%)

Yes
No

No

No

Yes

Yes

No
No
No
No
Yes
No
Yes
No
No
No
No
No

No

Yes
No
No
Yes
No
No
No

-

Class 2
Class 2

Class 4, digoxin

Class 2, digoxin

Class 2

Class 1+2

Class 2
Class 2
Class 2
Class 3
Class 2
Class 2
Class 2, digoxin
Class 2
Class 2, digoxin
Class 2+3

Class 2

Class 3
Class 2
Class 2
Class 2
Class 2, digoxin

Dyslipidemia AAD

AAD = antiarrhythmic drug; AF, atrial ﬁbrillation; AVD, aortic valve disease; IHD, ischemic heart disease; LV, left ventricular; MVD, mitral valve disease; PFO,
persistent foramen ovale; RCA S1 = right coronary artery segment 1 (proximal); TVD, triscuspid valve disease; VHD, valvular heart disease

67±10

71

64

73
59
68
53
72
64
67
47
85
65
53
71

9
10
11
12
13
14
15
16
17
18
19
20

22

61

8

21

Age
(yr)
80
71
67
70
54
49
79

Patient
no.
1
2
3
4
5
6
7

Supplemental table 1 – Clinical characteristics
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inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid

1

9

8

7

6

5

4

3

2

Location

Patient no.

1047
1171
563
1024
1008
excluded
998
excluded
1002
1088
1043
840
669
672
707
717
696
682
1577
1472
excluded
729
718
705
793
793
0
24
44
44
38

58
8
66
130
0
0
50
0
4
24
2
6

50
2
34
54
0
0
38
0
0
0
8
2
0
8
18
22
12

46

20
12
36
12
36

58

32
8
24
8
72

SRCL (ms) DA (mm)
Epi Endo

9.1
8.9
7.1
5.9
6.0

3.3
9.5
3.9
4.6
9.1
8.4
4.1
10.4
8.5
6.1
8.9
9.1

5.9

9.9
7.5
7.6
10.7
6.3

7.5
6.3
5.9
3.6
3.9

3.1
11.3
3.1
2.8
5.2
7.1
1.9
11.4
7.9
5.5
7.8
7.9

6.6

12.5
9.5
7.4
12.1
6.6

Voltage (mV)
Epi Endo

-0.23
-0.26
-0.39
-0.14
-0.23

0.10
-0.28
-0.80
-0.68
-0.47
-0.31
-0.65
-0.21
-0.32
-0.76
-0.18
-0.17

-0.20

-0.24
-0.22
0.19
-0.41
-0.60

17
16
35
10
56
49
55
19
27
34
1
12
24
0
3
26
14
12
5
14
23
39
39

-0.30
0.14
-0.24
-0.67
-0.74
-0.39
-0.28
-0.97
-0.23
-0.41
-0.96
-0.20
-0.28
-0.17
-0.34
-0.41
-0.28
-0.33

4
19
24
49
43

57
12
49
62
0
7
45
2
7
29
11
12

44

25
25
37
11
55

Fractionation (%)
Epi Endo

-0.19
-0.32
0.07
-0.43
-0.61

RS ratio
Epi
Endo

0
0
0
0
0

0
0
1.7
0.5
0
0
10.0
0
0
0.4
0
0

0.2

0
0
0
0
6.2

EEA
(%)

0
0
0
0
0

0
0
1.3
0.1
0
0
9.2
0
0
0
0
0

0

0
0
0
0
4.6

0
0
0
0
0

0
0
0.5
0.4
0
0
0.8
0
0
0.4
0
0

0.2

0
0
0
0
1.6

Epi delay (%) Endo delay (%)

Supplemental table 2 – Individual results of electrophysiological parameters and epi-endocardial electrogram morphology
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167

168

18

17

16

15

14

13

12

11

10

Patient no.

SRCL
(ms)

895
895
1004
1005
954
1005
970
983
990
975
1014
962
1005
677
820
689
849
720
571
1155
1135
1130
966
1053
excluded
732
869

Location

superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid

Supplemental table 2 – Continued

0
0

4
2

DA (mm)
Epi Endo
66 68
4
6
8
28
22
60
0
0
6
6
26
18
0
0
38
60
54 146
0
22
14
24
16
12
36
34
24
16
62
72
0
0
0
0
0
0
0
6
0
0
0
16
6
14
50 34
7.2
9.1

4.9
5.5

Voltage (mV)
Epi Endo
4.0
3.4
11.5 7.6
7.5
4.4
4.3
4.1
9.7
9.6
8.7
6.5
6.1
4.8
9.4
14.3
5.1
4.6
3.0
1.9
5.1
6.0
5.7
5.8
4.6
4.6
5.7
3.3
3.7
3.2
1.9
1.9
16.9 16.9
17.8 14.5
16.3 13.4
9.7
9.1
11.2
6.0
9.0
4.5
8.0 3.7
3.6
2.3
-0.36
-0.32

-0.31
-0.36

RS ratio
Epi
Endo
-0.65 -0.87
-0.46 -0.43
-0.73 -0.56
-0.99 -0.83
-0.24 -0.20
-0.26 -0.24
-0.26 -0.19
-0.49 -0.44
-0.63 -0.69
-0.77 -0.90
-0.22 -0.18
0.05
-0.05
-0.11
-0.09
0.44
0.44
-0.52 -0.57
-0.68 -0.84
0.19
0.25
-0.16
-0.22
-0.06 -0.17
-0.25 -0.25
-0.21
-0.18
-0.41
-0.51
-0.39 -0.43
-0.51
-0.49
7
0

2
2

Fractionation (%)
Epi Endo
51
49
12
4
19
21
36
72
4
5
15
12
33
34
6
3
49 49
49 89
22
28
17
19
32
23
30 25
26
11
35
16
2
5
3
9
3
9
4
17
4
4
4
17
9
9
29
31
0
0

2.6
0
0
1.5
0
0
0.8
0
10.3
23.1
0
0
0
2.8
0
6.6
0
0
0
0
0
0
0
0

EEA
(%)

0
0

0.3
0
0
0.5
0
0
0
0
10.3
2.0
0
0
0
0.0
0
0.4
0
0
0
0
0
0
0
0
0
0

2.3
0
0
1.1
0
0
0.8
0
0
21.2
0
0
0
2.8
0
6.3
0
0
0
0
0
0
0
0

Epi delay (%) Endo delay (%)
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SRCL
(ms)

excluded
1088
1067
974
702
703
704
834
784
776
678
698
675
954
972
952
787
773
excluded
728
770
750
802
800
794

Location

superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
inferior
mid
superior
72
60
50
20
26
14

48
14
24
4
6
14
2
8
48
0
4
56
12
22
30
2
38
32
22
34
24
32
48

20
12
50
4
6
30
14
48
34
0
20
100
2
3
6
14
38

DA (mm)
Epi Endo

3.7
4.7
5.2
11.5
9.5
7.7

3.5
8.1
8.0
6.1
5.9
4.7
5.7
2.8
4.7
9.2
8.1
7.3
18.0
14.9
9.8
11.2
8.3
2.8
4.4
3.8
10.7
6.8
6.2

3.2
6.8
6.9
5.5
6.3
6.0
4.1
0.9
5.3
7.0
5.5
4.4
18.0
12.8
8.4
8.4
7.8

Voltage (mV)
Epi Endo

-0.53
-0.43
-0.77
-0.11
-0.23
-0.29

0.36
0.10
-0.05
-0.11
-0.44
-0.66
-0.24
-0.65
-0.32
-0.12
-0.47
-0.69
-0.07
-0.26
-0.35
-0.22
-0.11

42
12
31
6
12
25
11
26
58
4
22
38
9
20
28
12
30
45
23
39
19
28
28

-0.60
-0.25
-0.56
-0.16
-0.22
-0.40

37
5
40
18
31
38

45
10
29
13
24
33
36
60
36
4
19
43
13
10
17
24
25

Fractionation (%)
Epi Endo

0.42
0.23
0.08
-0.19
-0.44
-0.60
-0.40
-0.46
-0.44
-0.20
-0.54
-0.96
-0.12
-0.31
-0.42
-0.21
-0.29

RS ratio
Epi
Endo

DA, delayed activation; EEA, endo-epicardial asynchrony; SRCL, sinus rhythm cycle length

26

25

24

23

22

21

20

19

Patient no.
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0
7.2
16.1
0
0
0.6

0
0
0
0
0
1.1
1.5
44.4
0
0
0
1.1
0
0
0
0
0

EEA
(%)

0
7.2
15.1
0
0
0

0
0
0
0
0
1.1
0
0
0
0
0
0.9
0
0
0
0
0

0
0.0
1.0
0
0
0.6

0
0
0
0
0
0
1.5
44.4
0
0
0
0.2
0
0
0
0
0

Epi delay (%) Endo delay (%)
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Abstract
Objectives
We aimed to determine the sensitivity and best recording modus to detect
atrial endo-epicardial asynchronous activation (EEA) with use of electrogram
fractionation.
Background
EEA is a new mechanism possibly maintaining atrial ﬁbrillation. However, clinical
electrophysiology studies can mostly record electrical activity at only one side of
the atrial wall. EEA could be detected from one-sided electrograms by identifying
farﬁeld electrical activity (fractionation) reﬂecting EEA.
Methods
Simultaneously obtained right atrial endo- and epicardial multi-electrogram maps
from 22 patients during cardiac surgery demonstrating EEA were selected. Unipolar
electrograms were converted to bipolar electrograms in the horizontal (bi-x) and
vertical (bi-y) direction. Unipolar electrograms and bipolar electrograms were
analyzed by two investigators for presence and characteristics of unipolar and
bipolar fractionation corresponding to EEA.
Results
Sensitivity of presence of fractionation corresponding to asynchronous activation
was high in patients (86-96%) and moderately-high for the asynchronous surface
area for both unipolar and bipolar electrograms equally (epi: 75% vs 65% (bi-x) and
69% (bi-y), endo: 72% vs 78% (bi-x) and 72% (bi-y)). Using the bipolar recording mode,
signal-to-noise ratio of EEA corresponding fractionation decreased (from 11 (6-25)
to 4 (2-7) in bi-y, p<0.001) and additional fractionation increased for electrograms
recorded at the endocardium (53% (10-86) to 82% (52-100) in bi-x, p=0.019).
Conclusions
Sensitivity of fractionation corresponding to EEA is high for both unipolar and
bipolar electrograms. However, unipolar electrograms are more suited for
detection of EEA due to a larger signal-to-noise ratio and less disturbance of
additional fractionation.
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Introduction
The electrical pathophysiological mechanisms of persistent atrial ﬁbrillation remain
to this day largely unknown. Recent evidence suggests that dissociated electrical
conduction between the layers of the atrial wall presenting as endo-epicardial
asynchrony (EEA) in excitation is a potential signiﬁcant mechanism for persistence
of atrial ﬁbrillation.1, 2 The asynchronous activation of epicardial and endocardial
layers provide opportunity for waves of excitation to travel transmurally and cause
new breakthrough waves on the opposite side of the wall. After canine and goat
models, a new simultaneous endo-epicardial mapping approach ﬁnally allowed
for documentation of EEA of the right atrial wall in patients as well.1, 3, 4 However,
this technique can only be applied in patients undergoing cardiac surgery and
is limited to the right atrial appendage/free wall and occasionally the left atrial
appendage.5 A method to detect EEA during endovascular electrophysiological
studies would greatly beneﬁt research into the mechanisms of atrial ﬁbrillation.
Recently, we investigated simultaneously recorded unipolar endocardial and
epicardial electrograms during sinus rhythm and discovered that EEA causes
unipolar electrogram fractionation (additional deﬂections on the electrogram).
By relating unipolar electrogram fractionation to spatial patterns of activation,
fractionation could be attributed to EEA.6 However, most electrophysiological
studies use a bipolar recording mode for mapping to reduce farﬁeld effects
recorded by unipolar electrograms.7 In case of EEA, remote activation on unipolar
electrograms could be an important feature to detect EEA while recording on only
one side of the atrial wall. We therefore hypothesized that unipolar electrograms
are more sensitive in detection of atrial EEA than bipolar electrograms. Electrogram
features of sites with EEA were analyzed in 22 patients and we compared the
sensitivity of unipolar and bipolar electrograms for detection of EEA from only one
side of the atrial wall.

Methods
Study population
Twenty-two patients from the ongoing Epic End study in the Erasmus Medical
Center were selected. The Epic End study is approved by the local medical ethics
committee (MEC-2015-373) and includes patients over 18 years of age undergoing
cardiac surgery for coronary artery disease, heart valve disease and/or congenital
heart disease. This study complies with the Declaration of Helsinki and prior to
participation all patients gave informed consent. Mean age of selected patients
was 65±9 years and 15 of 22 were male. Cardiac surgery was performed for
coronary artery disease (N=15) and/or valvular heart disease (N=12), ten patients
had a history of atrial ﬁbrillation of whom one had persistent atrial ﬁbrillation.
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Endo-epicardial mapping
Mapping during cardiac surgery was performed just prior to commencement
of cardiopulmonary bypass and after arterial cannulation. Simultaneous endoepicardial mapping was conducted by introducing one of two 128-electrode (8x16)
arrays in the right atrium via the incision for venous cannulation for endocardial
mapping. The other array was placed on top of the epicardium for epicardial
mapping. Both electrode arrays (0.45mm electrodes, 2mm interelectrode spacing)
were ﬁxed on a steel spatula and bound together to ensure good contact and
precise alignment of the two arrays. Unipolar electrograms of the right atrial wall
were recorded for 5-10 seconds during sinus rhythm and pacing at the superior,
middle and inferior right atrial free wall (see Figure 1A-C). In one patient, endoepicardial electrograms were recorded from the left atrial appendage before
excision. Electrograms were sampled at 1000Hz, ﬁltered (0.5-400 Hz) and digitized
(16-bits conversion) and, with a calibration signal of 2 mV, stored on hard disk for
offline analysis. Details of the endo-epicardial mapping procedure were previously
described.5
Data analysis: electrogram selection, conversion and marking
Recorded data during sinus rhythm and pacing of all patients included in our study
were analyzed for the presence of EEA (see Figure 1D). Only patients demonstrating
EEA were included and if multiple recording sites of a patient demonstrated EEA,
only the recording site with the largest area of EEA was included. Local activation
time (LAT) in unipolar electrograms was marked at the steepest negative slope
(dV/dt) with a minimum of 0.05mV/ms. Activation maps were constructed for
both epicardium and endocardium. EEA was determined from these maps by
calculating the differences between the local activation time at each electrode
and the nine opposite electrodes in the other plane; direct opposite and its eight
surrounding electrodes. Minimal time difference with these nine opposite electrode
sites determined the time difference for the electrode. EEA was deﬁned as a
difference between epicardial and endocardial local activation time of ≥15ms. If
unipolar asynchrony maps demonstrated EEA at ≥4 adjacent electrode sites that
did not include border electrodes, the recording site was included for analysis.
Border electrodes, deﬁned as electrodes with <7 opposite local activation times,
and electrodes missing the exact opposite electrogram were excluded from
analysis. One electrode site corresponds to an area of 4mm2.
Unipolar electrograms were converted to bipolar electrograms by subtracting
the unipolar electrogram from one electrode from the unipolar electrogram at
the adjacent electrode of the array. Bipolar conversion was performed two times:
in the horizontal (x) direction and in the vertical (y) direction. Local AT in bipolar
electrograms was marked at the largest (maximal or minimal) peak. EEA and
electrode inclusion was then determined as described above with the exception
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that bipolar electrograms at the right or left border in case of x-direction conversion
and top or bottom border in case of y-direction conversion were included for
analysis (see Figure 2). In addition, for the bipolar activation maps, only electrodes
with EEA on similar sites of EEA on the unipolar activation maps were included. This
assured only electrograms from the same EEA site were analyzed so there was no
disagreement between the unipolar and bipolar EEA sites.

9

Figure 1 – Simultaneous endo-epicardial mapping in patients during cardiac surgery.
A: the mapping tool consists of two identical electrode arrays ﬁxed to each other. One leg
(electrode array) of the mapping tool is introduced in the right atrium via a standard surgical incision for cardio-pulmonary bypass. This allows to record electrograms from the
epicardium (outside wall) and endocardium (inside wall) simultaneously. B: the properties
of the electrode array. C: mapping locations at the right atrium. D: examples of directly
opposite epicardial (epi) and endocardial (endo) unipolar electrograms. Endo-epicardial
atrial activation (A) is in synchrony in the ﬁrst two beats, the following atrial extrasystole
demonstrates asynchronous endo-epicardial atrial activation. V, ventricular activation; LAT,
local activation time. E: example of atrial asynchrony and additional deﬂections next to the
LAT-deﬂection on unipolar electrograms (=fractionation). One fractionation-deﬂection on
each electrogram corresponds to the asynchronous activation on the opposite side.

Included unipolar electrograms with EEA were then inspected for visual presence
of additional (fractionated/farﬁeld) deﬂections (see Figure 1E), or additional peaks
in case of bipolar electrograms. All markings were evaluated by two investigators
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independently. Bipolar fractionation peaks were marked by the investigators based
on previous studies marking bipolar fractionated electrograms using the change in
polarity of the depolarization slope to tag bipolar peaks.8, 9 Each additional marked
peak on bipolar electrograms within baseline noise, deﬁned as up to 120% of the
noise, was excluded. Of each primary (=LAT) and fractionated unipolar deﬂection
the following parameters were derived: amplitude (peak-to-peak voltage), the time
of steepest slope (FT, fractionation time) and signal-to-noise ratio (SNR). Primary
and fractionation peaks of bipolar electrograms were analyzed for voltage (peakto-baseline), time of the peaks (LAT or FT) and SNR.
Corresponding fractionation analysis
At each EEA site, the primary epicardial deﬂection or peak and the endocardial
primary deﬂection or peak were compared to the direct opposite electrogram for
the presence of fractionation corresponding to the primary deﬂection/ peak. If the FT
of a fractionation peak or deﬂection on the opposite side was ≤7ms of the LAT, it was
labelled as corresponding fractionation (to the primary deﬂection/ peak) (see Figure
2). This cut-off was chosen based on our previous deﬁnitions of conduction delay and
block.10 In case of multiple deﬂections or peaks meeting this criterion, ﬁrst the closest
deﬂection/ peak, otherwise the largest deﬂection/ peak, was selected as fractionation
corresponding to EEA. Parameters of the corresponding unipolar deﬂection or
bipolar peak included voltage, SNR and voltage compared to the primary deﬂection/
peak on the same electrogram (in %). In addition, the time difference between
the LAT and corresponding FT was analyzed to determine level of time accuracy.
Additional fractionation analysis
Besides analysis of fractionation corresponding to EEA, each opposite electrogram
was analyzed for the presence of fractionation in addition to the EEA corresponding
fractionation with a FT ≥15ms separated from the LAT. This fractionation can be
confused for EEA and does not correspond to the primary deﬂection on the other
side and could complicate determining presence of EEA.
Statistical analysis
Data with a normal distribution are presented as the mean ±SD and skewed data
are presented as the median (p25-p75). To assess differences between unipolar
and bipolar electrograms, Friedman’s test was used in case of skewed data and
ANOVA repeated measures was used in case of normally distributed data. Post
hoc tests between 1) unipolar and bipolar-x and 2) unipolar and bipolar-y were
performed with Wilcoxon signed rank test. Statistical signiﬁcance was set at p≤0.05,
post hoc test signiﬁcance levels were adjusted according to Bonferroni at p≤0.025.
Data of which outcomes of statistical signiﬁcance were similar between observers
is presented in the text as the mean of the two medians and percentiles and the
highest p-value is presented.
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Figure 2 – Data selection and analysis. Top left: epi- and endocardial activation maps
constructed from unipolar electrograms acquired from simultaneous endo-epicardial mapping. Top right: endo-epicardial activation maps constructed after subtracting unipolar
electrograms in the horizontal (X) direction creating bipolar electrograms. Crosses indicate
electrogram sites with endo-epicardial asynchrony (EEA) that are included for the study. Red
circles represent a broken electrode site and endo-epicardial electrograms at this site are
excluded from the study. Bottom: unipolar and bipolar epi- and endocardial electrograms
from the site marked with the white cross. Local activation time is marked at the steepest
slope for unipolar electrograms and at the largest peak for bipolar electrograms (red
crosses). Fractionation time (FT) is determined by marking the steepest slope of additional
deﬂections for unipolar electrograms and by marking additional peaks for bipolar electrograms (blue markers). If the difference between a FT and the local activation time of the
opposite electrogram is ≤7ms, 4ms in the unipolar electrogram example and 3ms in the
bipolar (Y) electrogram example, this fractionation is deﬁned as fractionation corresponding to EEA. In this example, no fractionation corresponding to EEA (the endocardial local
activation time) is present on the epicardial electrogram. Unipolar voltage of corresponding
fractionation is measured as the difference between peaks (between green circles). Bipolar
voltage of corresponding fractionation is measured as the difference between peak and
baseline; baseline is virtually constructed as a straight line (green line) between the two
green markers placed by the observers in bipolar electrograms (green circles) thereby
correcting for baseline drift. Bipolar fractionation (blue circled peaks) within noise level of
this virtual baseline are excluded from analysis, in this example the second blue circled peak
on the y-bipolar endocardial electrogram is excluded. Fractionation (blue crosses or peaks)
that does not correspond to EEA with a difference ≥15ms of the local activation time in the
same electrogram is counted to determine presence of additional fractionation.
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Results
EEA area and electrogram characteristics
Included EEA areas occurred during sinus rhythm in 14 patients, during an atrial
extrasystole in 7 patients and during pacing at 240 bpm in one patient. EEA was
present on a median surface of 52 (31-94) mm2 in unipolar maps and no difference
was observed between unipolar and bipolar maps (bipolar-x: 42 (22-87) mm2,
bipolar-y: 52 (32-94) mm2, p=0.78, see Table 1). Activation time differences between
epicardium and endocardium in unipolar maps ranged from 16 to 96 ms per patient
with a median delay of 26 (21-33) ms. Bipolar endo-epicardial delays were similar to
unipolar endo-epicardial delays (p=0.37). Amplitudes of bipolar electrograms were
lower compared to unipolar electrograms for both epicardial and endocardial
electrograms (p<0.001). In addition, SNR of bipolar electrograms in the y-direction
was lower compared to unipolar electrograms: 32 (16-62) vs 62 (32-114) for epicardial
electrograms and 13 (5-35) vs 28 (18-52) for endocardial electrograms (p≤0.001).
Table 1 – Endo-epicardial asynchrony and electrogram characteristics
EEA area (mm2)
EEA delay (ms)
Epicardium
Voltage* (mV)
SNR
Endocardium
Voltage* (mV)
SNR

Unipolar
52 (31-94)
26 (21-33)

Bipolar-x
42 (22-87)
25 (22-32)

Bipolar-y
52 (32-94)
24 (21-30)

p-value
0.78
0.37

3.4 (2.1-5.9)
62 (32-114)

1.1 (0.7-3.0)
73 (25-115)

1.4 (0.9-2.9)
32 (16-62)

<0.001
<0.001

1.8 (1.1-2.8)
28 (18-52)

0.5 (0.3-1.3)
29 (7-52)

0.8 (0.2-1.8)
13 (5-35)

<0.001
<0.001

* Maximal peak-to-peak voltage of uni- and bipolar electrograms. EEA, endo-epicardial
asynchrony; SNR, signal-to-noise ratio.

EEA corresponding fractionation
Both unipolar and bipolar electrograms demonstrated EEA related fractionation in
equal amounts (see Figure 3). Fractionation corresponding to EEA was present at
75% (34-96%) of the electrode sites per patient for epicardial unipolar electrograms
and at 72% (41-96%) for endocardial unipolar electrograms. Bipolar epicardial
electrograms showed fractionation corresponding to EEA at 64% (30-89%) of
electrode sites per patient in the x-direction and 69% (24-92%) in the y-direction.
Bipolar endocardial electrograms showed EEA corresponding fractionation in
the x- and y-direction at respectively 78% (49-97%) and 72% (33-92%) of electrode
sites. Complete absence of EEA fractionation occurred in one patient (<5%) for
unipolar epicardial electrograms and in maximal two patients (<10%) for bipolar
epicardial electrograms and in maximal three patients (<14%) for unipolar and
bipolar endocardial electrograms (see Supplemental table 1).
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Figure 3 – Presence of EEA corresponding fractionation on unipolar and bipolar electrograms. Boxplots of the percentage of electrode-sites with EEA where the electrogram shows
fractionation corresponding to EEA for observer 1 (top) and observer 2 (bottom). Outliers
(>1.5 interquartile range) are presented as asterisks.

Absolute voltage of EEA corresponding fractionation was higher on unipolar
electrograms than on bipolar electrograms (see Table 2). However, relative size
of EEA corresponding fractionation to the primary deﬂection or peak, representing
the LAT, did not differ between unipolar and bipolar electrograms. The SNR of
corresponding fractionation, or the ease in which the signal can be separated
from the noise, was signiﬁcantly decreased in bipolar electrograms created in
the y-direction at the endocardium (unipolar SNR: 11 (6-25) vs bipolar-y SNR: 4
(2-7), p<0.001). Examples of SNR decrease in bipolar electrograms are shown in
Figure 4A. Time accuracy of corresponding FT compared to the LAT was similar
for unipolar and bipolar electrograms at an average of 2 to 3 ms.
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Observer 1
Bipolar-x
Bipolar-y

SNR, signal-to-noise ratio.

Epicardium
Voltage (mV)
0.61 (0.27-1.38) 0.19 (0.08-0.31) 0.28 (0.14-0.48)
Relative to primary (%)
24 (13-37)
17 (9-31)
21 (16-32)
SNR
13 (4-22)
10 (4-13)
5 (3-12)
Time accuracy (ms)
2 ±1.8
3 ±1.3
3 ±1.3
Endocardium
Voltage (mV)
0.56 (0.29-1.6) 0.17 (0.07-0.36) 0.18 (0.12-0.48)
Relative to primary (%)
49 (31-78)
34 (29-49)
34 (19-48)
SNR
11 (6-23)
9 (4-15)
4 (2-7)
Time accuracy (ms)
3 ±1.6
2 ±1.4
3 ±1.1

Unipolar

Table 2 – Characteristics of corresponding fractionation

0.57
20
11
3
0.66
50
10
3

<0.001
0.14
<0.001
0.53

(0.27-1.74)
(35-78)
(6-26)
±1.5

(0.21-1.35)
(12-43)
(4-23)
±1.6

Unipolar

<0.001
0.51
0.04
0.56

p-value

0.20
39
11
2

0.22
20
12
3

0.31
26
5
3

p-value

(0.17-0.48) <0.001
(17-42)
0.49
(4-11)
0.12
±1.6
0.60

Bipolar-y

(0.09-0.37) 0.20 (0.11-0.45) <0.001
(30-58)
35 (25-59)
0.37
(3-18)
4 (2-7)
<0.001
±1.6
3 ±1.3
0.67

(0.12-0.31)
(11-39)
(5-16)
±1.5

Observer 2
Bipolar-x
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Additional fractionation
The presence of other fractionation that does not correspond to EEA, will
complicate determining presence of EEA based on fractionation. Table 3 presents
the percentage of electrograms that showed fractionation other than the EEA
corresponding fractionation and the average number of additional deﬂections/
peaks per electrogram. At the endocardium, bipolar electrograms in the x-direction
demonstrated more additional fractionation than unipolar electrograms: 82% (52100) vs 53% (10-86) (p=0.019) of electrograms and 2 peaks (1-3) vs 1 (0-1) deﬂection
per electrogram (p=0.004). Figure 4B shows examples of increase of additional
fractionation on bipolar endocardial electrograms.

9

Figure 4 – Unipolar versus bipolar electrograms. A: two electrogram examples demonstrating decrease of signal-to noise ratio of fractionation corresponding to EEA (SNRcorr) in
bipolar endocardial electrograms in the y-direction. Blue arrow points to fractionation on
the endocardial electrogram corresponding to the primary deﬂection/ peak of the local
activation time on the epicardial electrogram. B: two electrogram examples demonstrating
increase of additional fractionation (Fadd) on the bipolar endocardial electrogram in the
x-direction. Red cross indicates local activation time. Blue crosses or circles indicate fractionation. Blue arrows indicate fractionation which 1) does not correspond to EEA, 2) not within
noise level of the baseline and 3) is ≥15ms removed from the local activation time (= Fadd).
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Table 3 – Presence of additional fractionation
Epicardium
Electrogram %
obs. 1
obs. 2
No. per electrogram
obs. 1
obs. 2
Endocardium
Electrogram %
obs. 1
obs. 2
No. per electrogram
obs. 1
obs. 2

Unipolar

Bipolar-x

Bipolar-y

p-value

39 (0-79)
48 (2-66)

63 (24-100)
49 (19-100)

65 (29-87)
60 (23-77)

0.011
0.098

1 (0-1)
1 (1-1)

0.002
0.056

68 (37-87)
63 (45-83)

0.006
0.002

1 (0-2)
1 (1-1)

0.002
0.001

0 (0-1)
1 (0-1)

59 (11-90)
46 (8-81)
1 (0-1)
1 (0-1)

1 (0-2)
1 (0-2)

85 (55-100)
79 (49-100)
2 (1-2)
2 (1-3)

Interobserver differences
Results of each observer are shown in Supplemental tables 1-5. Differences
between observers in the signiﬁcant statistical outcomes of the presented results
above included SNR of corresponding fractionation at the epicardium (p=0.04 vs
p=0.12) and percentage and number of additional fractionation at the epicardium
(p=0.011 vs p=0.098 and p=0.002 vs p=0.056). At the endocardium, the higher
number of additional fractionation per electrogram reached signiﬁcance in only
one observer (p=0.023 vs p=0.027).

Discussion
Previously, it was shown that most fractionation occurs due to inhomogeneous
conduction patterns.6, 11 Almost all fractionated deﬂections in unipolar electrograms
can be traced to neighboring electrical activation sites including the opposite
side of the atrial wall.6 Most clinical studies that have investigated electrogram
fractionation use bipolar electrograms as this is the preferred recording method
in clinical practice.7 This study has demonstrated that EEA is reﬂected equally on
unipolar and bipolar electrograms. However, fractionation reﬂecting EEA is less
easy to distinguish from noise on endocardial electrograms using the bipolar
recording mode. Furthermore, bipolar electrograms from the endocardium
demonstrate more additional fractionation compared to unipolar electrograms
that could complicate detection of EEA. This study has also shown that EEA
reﬂects well on electrograms, over 86% of patients have at least one site showing
fractionation corresponding to EEA.
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Factors inﬂuencing bipolar electrograms
Because a bipolar electrogram is the product of two unipolar electrograms, several
factors inﬂuence the morphology of a bipolar electrogram. For one, the distance
between the two poles of a bipolar electrogram effects degree of fractionation.
A computer model, which was also validated in a clinical population of atrial
ﬁbrillation patients, demonstrated that a larger interelectrode distance increases
electrogram fractionation in bipolar electrograms in case of inhomogeneous
activation patterns.12 Also, increasing electrode size increases fractionation on
both bipolar and unipolar electrograms.12 Recordings of bipolar electrograms at
scarred ventricular tissue representing a potential arrhythmogenic substrate in
a study of Takigawa et al. conﬁrmed the effect of orientation of the two poles
on bipolar electrogram voltage and presence of abnormal electrograms of low
voltage or with fractionation.13 A parallel or transversal orientation of bipolar poles
to the direction of activation resulted in differences in bipolar voltage of 50%. Sites
with abnormal (fractionated) electrograms only matched in 57% between the
different bipolar pole orientations and 30% of sites with abnormal (fractionated)
electrograms were missed in the other pole orientation.13 Therefore, the diverse
morphology of bipolar electrograms based on electrode size, interelectrode
spacing and catheter orientation, especially under conditions of complex activation
patterns, complicates the use of bipolar electrogram morphology.
What do components of fractionated bipolar electrograms depict?
Components (deﬂections) of a unipolar fractionated electrogram relate to remote
parts of dissociatively activated myocardium e.g. after a line of conduction block
or to dissociation in activation of myocardial bundles underneath the electrode.11,
14
A bipolar electrogram is meant to present (an approximation to) the derivate
of the unipolar electrograms and the maximal peak in the derivate (or bipolar
electrogram) coincides with the negative steepest slope(s) of the unipolar
electrogram. The timing of the two unipolar signals (signal at the negative pole is
earlier vs later than the signal at the positive pole) determines if the peak on the
bipolar electrogram is a maximum or a minimum (see top of Figure 5). However, as
seen in Figure 5, the bipolar electrogram also demonstrates peaks for the (steepest)
positive slopes of the unipolar electrograms. Converting fractionated unipolar
electrograms to bipolar electrograms makes distinguishing between bipolar peaks
due to positive or negative components of the unipolar electrograms impossible.
The electrograms at the bottom of Figure 5 demonstrate that peaks in bipolar
electrograms can represent negative deﬂections as well as positive deﬂections
in unipolar electrograms. This concept could explain why additional fractionation
presented more frequently in bipolar electrograms in this study.
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Figure 5 – Peaks in bipolar electrograms. Top left: a bipolar electrogram from two similar
shaped signals with only one moved 1 sample on the time (x-)axis is the same as the derivative (Δ) of the signal. The minimum of the derivative is the steepest negative slope of the
original signal. Top right: if the positive and negative poles are switched, the bipolar electrogram is the negative derivate (-Δ). The maximum of the bipolar electrogram is in this case
the steepest negative slope of the signal. Bottom: three examples of fractionated unipolar
electrograms where the two unipolar electrograms switch in which is de leading electrogram between the different fractionated components. For example, for the electrograms
on the left, the light grey unipolar electrogram deﬂects negatively before the dark unipolar
electrogram. The bipolar electrogram shows a positive peak at this point. However, with
the following deﬂection, the dark unipolar electrogram deﬂects before the lighter unipolar
electrogram deﬂects. Here the bipolar electrogram shows a negative peak. Therefore, it
is not possible in these bipolar electrograms to determine if a peak is a unipolar negative
deﬂection (voltage decrease) or a rise (voltage increase) in the unipolar electrogram.

EEA detection with use of unipolar fractionation
EEA has been suggested as a pathophysiological mechanism for persistence of
atrial ﬁbrillation.1 Unfortunately, simultaneous mapping of epi- and endocardium
is mostly limited to the right atrial free wall and only possible during cardiac
surgery. Therefore, new techniques to identify EEA need to be developed in order to
diversify research into the role of endo-epicardial asynchrony in arrhythmogenesis.
Previously, we discovered that at least 95% of unipolar fractionation corresponds
to remote activation by using automated detection of fractionation. In this study,
fractionation was identiﬁed visually by two investigators to maximize detection
of EEA based fractionation and because automated signal detection in clinical
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practice is often evaluated by visual standards of the electrophysiologist. Outcome
differences between the investigators were mainly limited to the epicardium. This
may be explained by the larger SNR at the epicardium, making small peaks or
deﬂections harder to detect visually. A positive ﬁnding is that a great majority (86%)
of patients with EEA demonstrates fractionation corresponding to EEA on the other
side of the atrial wall. This study did show that unipolar electrograms are better
suited than bipolar electrograms for fractionation based EEA detection due to less
interference of additional fractionation and because EEA corresponding signals
are better distinguishable from the noise. During atrial ﬁbrillation, activation waves
are often much smaller and with more complex activation patterns with frequent
wave break, wave collision and conduction block.15 Unipolar voltage and SNR of
fractionated components will be even smaller during atrial ﬁbrillation than in this
study emphasizing the use of unipolar over bipolar electrograms. The next steps in
order to develop an EEA-detection tool would be to 1) label unipolar fractionated
deﬂections corresponding to remote activation in the longitudinal plane and 2)
ﬁnd the most sensitive and speciﬁc signal parameters to diagnose fractionated
deﬂections corresponding to asynchronous activation within the atrial wall.
Study limitations
Endo-epicardial mapping was mainly performed at the right atrial free wall as
left atrial simultaneous endo-epicardial mapping can only be performed in very
select cases. The differences between unipolar and bipolar electrograms may not
apply to the thinner wall of the left atrium.

Conclusions
In SR, EEA of the right atrial free wall occurs to over 50ms difference between
epicardium and endocardium, which has never been described before.
Electrograms on both sides demonstrate an S-predominance and the RS-ratio
cannot be used to identify the leading layer during SR. Fractionated potentials are
not always identical on a high resolution scale and can have local mismatches,
however, these mismatches occur in a minority of cases. If a potential is fractionated
during SR, most additional deﬂections can be explained by conduction disorders in
the same plane and in a small percentage they represent EEA. The incidence of EEA
and EEA based fractionation is relatively low during SR as was expected. However,
during atrial arrhythmias the presence of (functional) conduction disorders and EEA
will increase and therefore epi-endocardial differences in electrogram morphology
and EEA based fractionation will likely increase as well. Particularly interesting,
especially for clinical practice, is the observation that the morphology of unipolar
electrograms can potentially be a tool to identify areas of EEA when recording
electrograms only on one side of the wall.
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Supplemental material
Supplemental table 1 – Percentage of electrograms with EEA corresponding fractionation per
patient

no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
median

188

Observer 1
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
75
78
92
50
89
77
100
100
75
88
100
38
56
95
67
70
71
87
67
85
100
89
100
100
73
22
43
34
33
74
11
85
23
100
100
100
20
86
14
100
100
100
100
100
50
86
73
60
40
83
75
100
100
100
33
100
100
17
80
0
3
44
25
73
54
68
100
50
88
100
100
88
100
100
100
89
13
92
16
16
22
60
11
4
100
78
100
0
89
0
67
50
86
100
75
100
0
4
0
67
75
87
65
0
80
88
50
87
100
100
100
0
100
0
91
48
86
70
97
73
97
20
20
72
14
28
86
60
71
71
80
57
70
78
75
73
80
76

Observer 2
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
75
67
92
25
89
77
88
100
25
100
100
38
56
81
63
70
62
77
100
54
88
100
92
50
32
13
15
18
22
66
44
69
38
100
100
100
40
71
14
100
86
100
100
45
60
71
73
50
60
83
63
100
100
100
33
90
100
0
80
0
3
38
20
70
26
30
86
25
88
100
100
88
100
100
100
89
25
92
16
16
22
0
5
4
86
22
100
0
100
0
89
25
64
100
75
93
0
8
4
67
67
87
65
0
27
82
50
87
100
100
100
17
50
0
91
30
82
70
82
68
95
18
12
74
22
28
86
55
79
64
75
36
80
50
63
71
75
67

0.95

0.69
0.63
0.41
0.23
0.33
1.42
0.19
2.28
0.25
0.94
1.55
0.21
0.59
0.07
0.73
5.91
0.43
0.39
2.12
0.63

2

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
median

no.
1

0.31
0.18
0.15
0.07
0.48
0.06
0.39
0.76
0.17
0.09
0.30
0.12
0.08
0.04
0.19
0.85
0.26
0.04
0.20
0.19

0.25
0.30
0.10
0.15
1.15
0.61
0.50
0.77
0.23
0.16
0.42
0.09
0.33
0.08
0.16
0.14
0.36
0.09
0.43
0.25

1.64
0.56
0.46
1.57
1.99
0.12
1.77
0.23
0.51
0.66
1.12
0.18
0.27
2.27
0.44
1.55
0.32
0.21
0.54

0.36
0.17
0.11
0.32
0.52
0.07
0.48
0.17
0.09
0.28
0.40
0.03
0.05
0.04
0.23
0.10
0.51
0.05
0.05
0.61
0.17

0.23 0.20 0.29 0.09
0.30
0.18
0.13
0.48
0.48
0.14
0.49
0.12
0.17
0.25
0.07
0.06
0.31
0.16
0.24
0.06
0.64
0.18

0.09
35
21
28
25
2
44
6
107
9
27
16
13
37
13
16
84
7
18
68
23

25
40
10
26
41
12
14
50
25
9
8
6
60
10
32
59
19
10
7
21
19

22
20
21
12
40
62
41
31
28
11
19
15
32
34
32
5
2
20
20
19
20

13
44
35
77
172
107
10
78
21
19
36
40
50
66
163
49
168
54
8
47

31
32
49
42
38
29
23
38
41
7
63
90
56
69
40
27
33
34
27
34
34
36

69

1.15
0.57
0.56
0.45
0.15
0.17
1.38
0.16
2.28
0.25
0.92
1.55
0.20
0.67
0.06
0.62
5.91
0.43
0.38
2.12
0.57

19
16
19
64
27
35
34
9
24
23
74
41
40
63
42
48
27
34

0.30
0.19
0.10
0.11
0.57
0.09
0.37
0.79
0.19
0.06
0.29
0.14
0.29
0.04
0.15
0.84
0.19
0.04
0.22
0.19

0.22
0.25
0.32
0.06
0.18
1.14
0.41
0.68
0.71
0.33
0.17
0.49
0.10
0.41
0.12
0.11
0.18
0.17
0.29
0.12
0.44
0.29

0.30
1.74
0.57
1.24
1.57
1.99
0.17
1.77
0.46
0.66
1.12
0.27
2.29
0.45
0.07
1.55
0.30
0.22
0.66

0.27
0.37
0.20
0.17
0.30
0.40
0.08
0.51
0.20
0.09
0.25
0.61
0.04
0.05
0.04
0.34
0.12
0.62
0.13
0.05
0.58
0.20

0.37
0.18
0.13
0.52
0.58
0.17
0.45
0.14
0.27
0.21
0.07
0.07
0.29
0.11
0.20
0.10
0.67
0.20

0.09 0.10
29
29
13
58
12
2
44
3
107
9
31
16
12
39
13
14
84
7
17
68
17

21
39
9
39
47
10
19
58
24
14
6
6
73
18
44
45
18
24
17
20
20

27
20
21
17
28
61
43
37
21
15
15
17
43
50
49
30
7
3
25
26
15
25

27
45
35
70
172
107
14
78
18
36
40
66
163
48
1
168
53
9
48

65
35
58
48
38
26
21
40
71
7
58
87
80
73
39
35
44
39
30
46
34
40

71
22
18
35
65
25
70
29
26
31
25
59
50
38
50
46
66
33
35

Observer 2
Voltage (mV)
Relative Voltage (%)
Epicardium
Endocardium
Epicardium
Endocardium
uni
bi-x bi-y
uni bi-x bi-y uni bi-x bi-y uni bi-x bi-y
1.24 0.31 1.04 2.15 0.32 0.63
23
5
30
54
9
10

50

Observer 1
Voltage (mV)
Relative Voltage (%)
Epicardium
Endocardium
Epicardium
Endocardium
uni bi-x bi-y uni bi-x bi-y
uni bi-x bi-y uni bi-x bi-y
1.27 0.29 0.96 1.60 0.33 0.60
23
4
26 30
7
8

Supplemental table 2 – Voltage and relative voltage of corresponding fractionation per patient
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no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
median

Epicardium
uni bi-x bi-y
31
13
20
22
8
4
13
19
4
5
8
4
17
12
6
3
3
3
3
12
17
20
2
10
3
13
14
12
21
4
8
10
7
13
2
3
16
12
6
3
4
2
30
9
18
2
4
2
7
28
5
202
71
4
9
21
13
5
1
2
33
10
5
13
10
5

Time accuracy (ms)
Epicardium
Endocardium
uni bi-x bi-y uni bi-x bi-y
2
3
1
5
4
3
0
1
2
1
0
4
1
2
4
3
2
3
4
2
3
4
3
3
1
5
2
2
5
3
4
3
2
0
1
0
0
4
4
0
1
1
1
3
2
1
1
2
5
2
3
4
2
1
5
3
3
2
4
6
5
3
5
5
3
2
2
3
2
2
2
3
1
2
2
1
3
1
6
4
2
4
2
2
4
2
3
2
3
0
4
1
3
1
5
2
3
0
3
3
2
2
3
3
3
1
3
3
2
3
3
4
1
4
6
4
3
4
1
2
1
1
2
2
2
3
3
3
2
3

Observer 1

Endocardium
uni bi-x bi-y
28
17
11
8
4
2
25
15
4
6
9
3
20
10
7
16
14
9
15
15
10
2
2
2
34
17
11
2
4
17
4
3
10
6
3
10
12
2
3
1
1
4
7
3
2
47
14
5
11
5
5
47
23
4
6
4
1
1
3
23
7
11
8
4

SNR
Epicardium
uni bi-x bi-y
31
16
23
24
8
6
10
19
4
5
8
4
20
9
3
2
5
4
1
15
16
20
3
7
3
14
17
12
20
4
8
11
9
13
1
3
16
12
7
3
5
2
32
27
23
1
4
4
7
2
22
7
202 69
7
9
16
11
5
1
2
33
9
4
12
9
5

Time accuracy (ms)
Epicardium
Endocardium
uni bi-x bi-y uni bi-x bi-y
2
3
1
4
3
3
0
1
1
1
0
4
1
1
3
3
1
3
3
3
3
3
3
4
0
5
1
3
5
3
3
2
5
0
1
0
3
4
4
0
2
1
1
3
2
1
1
2
4
2
2
4
2
1
5
3
3
3
6
6
5
5
5
5
3
3
3
2
2
2
3
1
2
2
4
3
1
6
4
6
2
4
2
4
2
3
3
0
4
1
4
2
2
5
2
3
0
4
3
2
2
3
3
2
0
1
3
2
2
3
3
4
1
5
6
4
3
5
1
2
2
1
1
3
3
3
3
3
2
3

Observer 2
Endocardium
uni bi-x bi-y
45
15
12
7
3
3
26
19
4
6
11
3
60
13
7
16
13
9
15
11
10
2
2
2
34
18
10
5
15
4
4
10
6
5
10
18
2
2
1
4
7
3
2
47
27
5
10
6
3
5
86
23
10
4
4
1
2
3
24
7
10
10
4

SNR

Supplemental table 3 - Signal-to-noise ratio (SNR) and time accuracy of corresponding fractionation per patient
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Supplemental table 4 – Percentage of electrograms with additional fractionation per patient

no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
median

Observer 1
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
100
100
100
75
100
77
0
100
25
0
100
50
33
71
73
56
71
87
0
8
63
0
69
38
84
72
91
93
94
98
0
62
31
11
92
92
60
43
71
80
57
100
100
100
100
95
100
60
60
100
75
0
100
88
50
50
56
92
80
0
3
23
8
63
77
78
100
0
38
100
25
50
0
25
8
11
38
83
40
32
63
92
5
0
86
22
100
0
67
50
78
100
71
89
100
21
0
25
4
47
96
83
35
0
20
88
100
87
0
100
100
33
50
50
9
67
50
22
91
36
38
80
68
28
33
20
57
65
86
71
90
93
39
63
65
59
85
68

Observer 2
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
100
100
100
75
89
77
6
100
25
0
100
100
30
48
70
52
76
67
0
8
38
0
46
25
45
76
77
84
94
98
0
62
77
11
100
77
60
14
14
80
57
86
95
100
90
95
100
50
80
100
75
0
100
88
50
50
67
33
80
22
3
21
3
57
77
63
100
0
50
100
25
63
0
25
17
11
0
83
52
32
52
88
26
4
57
11
50
0
67
50
78
100
79
78
100
29
0
29
9
40
92
83
12
0
0
88
100
60
0
100
100
0
50
0
9
36
45
22
58
55
62
61
68
26
35
56
50
55
71
71
85
64
48
49
59
46
78
63
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Supplemental table 5 – Average number of additional fractionation per electrogram per patient

no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
median

192

Observer 1
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
1
3
4
1
2
2
0
2
1
0
1
1
0
2
1
1
2
2
0
0
1
0
1
0
1
3
3
2
5
5
0
1
0
0
2
1
1
1
1
1
1
3
1
2
1
2
3
1
1
3
1
0
2
3
1
1
1
1
1
0
0
0
0
1
2
2
2
0
0
2
0
1
0
0
0
0
0
1
0
0
1
1
0
0
1
0
2
0
1
1
1
3
1
1
2
0
0
1
0
1
4
2
0
0
0
1
2
2
0
2
3
0
1
1
0
1
1
0
1
0
0
1
1
0
0
0
1
2
2
1
3
2
0
1
1
1
2
1

Observer 2
Epicardium
Endocardium
uni
bi-x
bi-y
uni
bi-x
bi-y
1
3
4
1
2
1
0
2
1
0
3
1
0
2
1
1
2
1
0
0
1
0
1
0
1
2
2
1
4
4
0
1
1
0
3
2
1
0
0
1
1
2
1
1
1
1
3
1
1
3
2
0
3
2
1
1
1
0
1
0
0
0
0
1
2
1
2
0
1
2
0
1
0
0
0
0
0
1
1
0
1
1
0
0
1
0
1
0
1
1
1
3
1
1
2
0
0
1
0
1
3
3
0
0
0
1
3
1
0
2
3
0
1
0
0
0
1
0
1
1
1
1
1
0
0
1
1
2
2
1
3
1
1
1
1
1
2
1
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Abstract
Background
Obesity has been linked to development of postoperative atrial ﬁbrillation (PoAF).
This study is aimed at investigating the role of BMI in the evolution of de-novo, early
PoAF by assessing differences between obese and non-obese patients undergoing
cardiac surgery.
Methods
Patients with early de-novo PoAF were included. Continuous cardiac rhythms were
recorded during the ﬁrst 5 postoperative days in obese (N=67, 66 ± 9 years; 51 (76%)
male) and non-obese (N=89, 69 ± 9; 75 (84%) male) patients without an AF history
undergoing cardiac surgery. PoAF burden was deﬁned as the ratio between total
duration of all AF episodes and total recording time (AFB(%)).
Results
A total of 1191 (median: 5/patient) PoAF episodes were identiﬁed in the obese
group compared to 1218 (median: 4/patient) in the non-obese group. The median
duration and number of prolonged (>60 minutes) PoAF episodes was higher in
obese patients (250 versus 145 minutes, p=0.003 and median of 2 versus 1 episode,
p=0.031). Obesity was associated with a larger early PoAF burden (obese patients:
median 7%; IQR: 2.5-19.7% versus non-obese patients: median 3.2%; IQR: 0.5-8.8%,
p=0.001) mainly on the third postoperative day (p=0.021).
Conclusions
Obesity predisposes to a larger number of prolonged AF episodes in the early,
postoperative period after cardiac surgery for coronary artery disease and/or
valvular heart disease. The higher AF burden in the early postoperative period
occurred particularly on the third day. Future studies will determine whether
obesity prevention may play a key role in reducing the incidence of PoAF in patients
undergoing cardiac surgery.
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Introduction
Obesity is a worldwide epidemic affecting people of all ages. There is strong
evidence that obesity is a predictor for development of atrial ﬁbrillation (AF).1-4
The association between obesity and evolution of AF is multifactorial and still
incompletely elucidated. Prior studies have demonstrated that metabolic syndrome,
ischemic heart disease, local and systemic inﬂammatory processes, epicardial fat
distribution, cardiac remodelling and genetic factors play an important role in AF
development.3, 5 In mice, obesity is associated with reversible ionic remodelling of
the left atrial appendage (LAA) resulting in higher incidence of AF inducibility and
burden.6, 7
Obesity is becoming more prevalent in patients undergoing cardiac surgery,
particularly in those referred for coronary artery bypass grafting (CABG) and is
associated with an increase in the short and long-term postoperative morbidity
and mortality.4, 8-12 De-novo postoperative atrial ﬁbrillation (PoAF) is a common
complication that occurs more frequently in obese patients.13-16 However,
characteristics of de-novo early PoAF (EPoAF) episodes including the number and
duration of PoAF episodes in obese patients have so far not been investigated.
Therefore, the purpose of our study is to investigate the role of BMI in the
characteristics of de-novo PoAF by assessing differences between obese and nonobese patients undergoing cardiac surgery with regards to EPoAF episodes.

Methods
This study was conducted as part of two prospective observational projects
including Quest for Arrhythmogenic Substrate of Atrial ﬁbrRillation (QUASAR, MEC
2010-054) and Hsf1 Activators Lower cardiomyocyte damage Towards a novel
approach to REVERSE atrial ﬁbrillation (HALT & REVERSE, MEC 2014-393). Both
projects were approved by the local ethics committee of the Erasmus Medical
Centre and adhere to the Declaration of Helsinki principles. Accordingly, written
consent was obtained from participating patients before surgical intervention.
Study population
The study population consisted of adult patients scheduled for elective cardiac
surgery for coronary artery disease (CAD), either isolated or in combination with
aortic (CAD+AVD) or mitral (CAD+MVD) valve disease, isolated aortic (AVD) or mitral
(MVD) valve disease. Patients presenting early PoAF were included. Exclusion
criteria were history of AF, prior ablation of atrial tachyarrhythmias, severe renal
failure, patients with an atrial pacing device and requiring mechanical or inotropic
197
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support. Patients scheduled for elective cardiac surgery for congenital heart defects
(CHD) were also excluded. The sample was divided into two categories: 1) obese
(BMI ≥ 30) and 2) non-obese (BMI < 30) patients.
Automatic detection of early postoperative atrial ﬁbrillation
Cardiac rhythms of every patient were continuously recorded during the ﬁrst 5
postoperative days using bedside monitors (Draeger Inﬁnity™). All postoperative
continuous rhythm registrations (.CPZ) were converted into a MATLAB compatible
format (.ECG) prior to analysis. Algorithms were used to detect the start and ending
of each AF episode from the moment of arrival on the surgical ward to the end of
the 5th postoperative day. All PoAF episodes detected by the software were crosschecked in Synescope by two blinded operators in order to eliminate potential
false positive registrations induced by artefacts. Additionally, ECGs and patients
records were manually evaluated for the presence of AF during the ﬁrst 5 days of
postoperative hospitalization.
Characterization of PoAF
PoAF was deﬁned as a series of supraventricular beats with irregularly irregular R-R
intervals, in the absence of P-waves, persisting for ≥ 30 seconds. For every patient,
the number and duration of AF episodes in the continuous rhythm registrations
were quantiﬁed manually and used to calculate the PoAF burden during the ﬁrst
5 post-surgical days. The PoAF burden was deﬁned as the ratio between the total
duration of all AF episodes and the total recording time (AFB (%) = total time spent
in AF (minutes) / recording time (minutes) * 100).
Antiarrhythmic treatment for early de-novo PoAF
On the ﬁrst postoperative day, all patients received oral β-blocker, starting with a
dose of 25 mg twice daily. Patients with PoAF were cardioverted to sinus rhythm
(SR) within 48 hours using intravenous bolus of amiodarone 300 mg. Amiodarone
was discontinued when AF converted to SR. If conversion was not achieved within
less than 48 hours from PoAF onset, electrical cardioversion was performed and
anticoagulant therapy was started combined with oral amiodarone 200 mg three
times daily for another 4 days. Patients who were hemodynamically unstable
at PoAF onset were electrically cardioverted to SR followed by 4 days of oral
amiodarone 200 mg three times daily. If AF was accepted, the β-blocker dosage
was increased if HR>110 bpm.
Statistical analysis
Statistical analysis was performed using the IBM SPSS Statistics 24 software (Corp.,
Armonk, NY software). Data were tested using Shapiro Wilk test of normality.
Continuous, normally distributed data is expressed as mean ± SD and skewed data
as median and interquartile range (IQR) (P25/P75). Student’s T-test was used to
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compare normally distributed continuous variables, while skewed parameters were
compared using Mann-Whitney-U-test. Comparisons between related skewed
variables were performed using Wilcoxon test. Variability between and within
groups was assessed using ANOVA. Categorical variables were compared using
Chi-Square test and are presented as percentages. Bonferroni correction was used
to adjust p value for multiple comparisons. Possible factors associated with early
PoAF burden were introduced in a linear regression analysis. PoAF burden was
transformed using the logarithm function. The variables manually introduced in the
linear regression model included all the baseline clinical characteristics presented
in Table 1, provided that the model maintained signiﬁcance. Pearson correlation
test was used to evaluate the linear relationship between continuous variables. A
two-sided P-value of <0.05 was considered statistically signiﬁcant.

Results
Study population
Baseline characteristics of both the obese (N=67, 66 ± 9 years; 51 (76%) male)
and non-obese group (N=89, 69 ± 9; 75 (84%) male) are presented in Table 1.
Clinical characteristics between the obese and non-obese group only differed
in age (66 ± 9.7 years versus 69 ± 9.2 years; P=0.024), BMI (32.4 ± 2.3 versus 25.2
± 4.3; P<0.001) and incidence of diabetes mellitus (DM) (N=21 (31.3%) versus N=12
(13.4%); P=0.01). Coronary artery bypass grafting (CABG) was the main surgical
procedure performed in both groups (42 (63%) obese patients and 50 (56%) nonobese patients).
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Table 1 – Patient characteristics

Age (y)
Male
BMI
Risk factors
- Hypertension
- Diabetes mellitus
- Dyslipidemia
Left ventricular function
- Normal (EF>55%)
- Mild impairment
(EF 46-55%)
- Moderate impairment
(EF 36-45%)
- Severe impairment
(EF<35%)
Left atrial dilatation (diameter ≥45 mm)
CHA 2DS2-VASc score
- Low (0)
- Low-moderate (1)
- Moderate-high (≥2)
Preoperative medication
- Anti-arrhythmic drugs
Class II
Class IV
- ACE inhibitors/AG-II
Surgical procedure
- CABG
- AVD
- MVD
- CABG+AVD
- CABG+MVD

Obese patients
(BMI ≥ 30)
(N=67)
66.1 ± 9.7
51 (76)
32.4 ± 2.3

Non-obese patients
(BMI < 30)
(N=89)
69.1 ± 9.2
75 (84)
25.2 ± 4.3

P-value

34 (50)
21 (31.3)
19 (28.3)

42 (47)
12 (13.4)
36 (40.4)

0.747
0.018
0.130
0.361

42 (62.6)
15 (22.3)

62 (63.2)
21 (23.5)

5 (7.5)

4(4.5)

5 (7.5)

2(2.24)

14 (21)

16 (18)

5 (7.4)
13 (19.4)
49 (73.1)

10 (11.2)
27 (30.3)
52 (58.4)

46 (68.6)
2 (3)
42 (62.6)

59 (66.2)
4 (4.4)
49 (55)

42 (62.6)
11 (16.4)
4 (6)
8 (11.9)
2 (3)

50 (56)
10 (11.2)
5 (5.6)
14 (15.7)
10 (11.2

0.027
0.223
<0.001

0.205
0.229

0.863
0.467
0.412
0.307

Values are presented as mean ± standard deviation or as N (%). BMI, body mass index; EF, ejection
fraction; CABG, coronary artery bypass grafting; AVD, aortic valve disease; MVD, mitral valve
disease.

Duration of postoperative atrial ﬁbrillation episodes
In the postoperative rhythm registrations, 1191 PoAF episodes were identiﬁed in the
obese group and 1218 in the non-obese group. Characteristics of PoAF episodes
for obese and non-obese patients are depicted in Table 2. In the obese and nonobese groups, the median number of PoAF episodes per patient was respectively
5 (IQR:2-16) and 4 (IQR:2-15). Figure 1 shows that the median duration of PoAF
episodes was higher in obese (median 294.5 ; IQR 105.5-1036.5; minutes) compared
to non-obese patients (median 182.5; IQR 22.5-498.3 minutes, p=0.008).
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Table 2 – Characteristics of PoAF episodes
Obese patients
Number
Time
of PoAF
(minutes) episode(s)
0-5
746; 3.5 (1-14)
5.5-10
128; 2 (1-5)
10.5-15
55; 1 (1-4)
15.5-20
36; 1(1-2.75)
20.5-25
20; 1 (1-2.5)
25.5-30 12; 1
30.5-35 20; 1 (1-2)
35.5-40 14; 1 (1-2)
40.5-45 11; 1
45.5-50 6; 1 (1-5)
50.5-55 9; 1
55.5-60 7; 1 (1-2)

Duration
of PoAF episode(s)
(minutes)
89.25; 1.5 (1-2.5)
190.25; 7 (6-7.25)
265; 12.75 (12-13.5)
284.5; 17.6 (17-18.5)
198.5; 22 (21.25-22.75)
299.75; 27 (26-28)
390.2; 33 (31-33.5)
407.25; 36.5 (36.5-38.5)
425.25; 42.3 (41.87-43.25)
240.5; 49 (46.25-49.5)
422; 52.5 (51.5-54)
266; 56.5 (56.1-56.8)

Non-obese patients
Number
Duration of
of PoAF
PoAF episode(s)
episode(s)
(minutes)
834; 7 (2-14)
94; 1.5 (1-2)
116; 2 (1-5)
238.5; 7(6-8.5)
62; 2 (1-4)
275.75; 12.75 (11.43-13.5)
20; 1 (1-2)
351; 19 (17.75-19.75)
19; 1 (1-2)
245; 21.5 (20.5-23.75)
13; 1
303; 27 (26-28.5)
8; 1
229.5; 32.5 (32-33.5)
10; 1
378; 38.25 (36.25-39.5)
9; 1 (1-2)
300.5; 42.75 (42-44)
5; 1
338.5; 49 (47-50)
10; 1
311.75; 51.37 (50.5-53.5)
14; 1 (1-1.5)
518.75; 58 (56.5-58.6)

The number and duration of postoperative atrial ﬁbrillation (PoAF) episodes are categorized
according to their duration. Values are presented as total, median (IQR).
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Figure 1 – Scatter plot demonstrating the relative frequency distribution of the duration of
all PoAF episodes. There is a signiﬁcantly higher duration of early PoAF episodes in obese
patients (median 294.5; IQR 105.5-1036.5) compared to non-obese patients (median 182.5;
IQR 22.5-498.25) (p=0.008). The thick black lines indicate the median and the thin lines the
IQR (P25/P75). PoAF, postoperative atrial ﬁbrillation;
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The median duration of PoAF episodes lasting longer than 60 minutes is depicted
in Figure 2. There was a signiﬁcant increase in the median duration of prolonged
(>60 minutes) PoAF episodes in obese (250; IQR 135-421 minutes) compared to
non-obese patients (145.4; IQR 97.4-252.4 minutes) (p=0.003). For episodes lasting
between 30 seconds and one hour, no signiﬁcant change in median duration of
PoAF episodes was found between obese and non-obese patients.

Figure 2 – Relative frequency distribution of the duration of PoAF episodes lasting longer
than 60 minutes. In the obese group, there is a signiﬁcant higher median time of prolonged
PoAF episodes (p=0.003). The thick black lines indicate the median and the thin lines the
IQR (P25/P75). PoAF: postoperative atrial ﬁbrillation

Figure 3 depicts the median number of PoAF episodes for the obese and nonobese patients separately. As demonstrated in the upper panel of Figure 3, obese
patients had signiﬁcantly more prolonged PoAF episodes (episodes lasting >60
minutes) compared to non-obese patients (p=0.031). The lower panel of Figure
3 shows no signiﬁcant difference in the median number of PoAF episodes lasting
less than one hour between obese and non-obese patients.
In obese patients, the majority of PoAF episodes (746 (62.6%), median 3.5; IQR
1-14) terminated within 5 minutes; 318 episodes (27%, median 1; IQR 1.0-3.7 ) lasted
between ﬁve and 60 minutes and one hundred and twenty PoAF episodes (10%,
median 2; IQR 1-4%) had a duration longer than one hour. In non-obese patients,
most of PoAF episodes (834, 68.4%, median 7; IQR 2-14) also terminated within 5
minutes and two hundred and eighty-six episodes (23%, median 1; IQR 1.0-3.7%)
lasted between ﬁve minutes and one hour. However, only ninety-six PoAF episodes
(8%, median 1; IQR 1-2) had a duration longer than 60 minutes.

202

The impact of obesity on early postoperative atrial fibrillation burden

10
Figure 3 – Characteristics of PoAF episodes. Upper panel: the median number of PoAF
episodes lasting longer than 60 minutes for obese and non-obese patients separately.
There was a signiﬁcantly higher number of prolonged PoAF episodes in obese patients (1191;
median 2; IQR 1-4) compared to non-obese patients (1218; median 1; IQR 1-2) (p=0.031). Lower
panel: the median number of PoAF episodes categorized individually between 30 seconds
and 60 minutes. There was no signiﬁcant difference in the number of episodes lasting less
than one hour between obese and non-obese patients. Thick black lines indicate the median
and thin lines the IQR (P25/P75). PoAF, postoperative atrial ﬁbrillation; N, number of episodes

Burden of PoAF episodes
The PoAF burden for each patient individually is plotted in Figure 4 and shows
that the PoAF burden is larger in the obese patients (median 7%; IQR: 2.5-19.7%)
compared to the non-obese patients (median 3.2%; IQR: 0.5-8.8%) (p=0.001).
Variables introduced in the linear regression model of early PoAF burden are
shown in Table 3. The relationship between PoAF burden and possible associated
factors is plotted in Supplemental ﬁgure 1. BMI was the only variable (β1=0.13,
p=0.002) signiﬁcantly correlated with early PoAF burden whereas age, gender
and surgical procedure had no relationship.
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Figure 4 – Scatter plots demonstrating the relative frequency distribution of the PoAF
burden (%) in obese and non-obese patients separately. There is a signiﬁcantly higher early
PoAF burden in obese patients (median 7 (IQR: 2.5-19.7)) compared to non-obese patients
(median 3.2 (IQR: 0.5-8.8) (p=0.001). Thick black lines indicate the median and thin lines the
IQR (P25/P75). PoAF, postoperative atrial ﬁbrillation;

Table 3 – Multivariate analysis of predictors for early PoAF burden.
Variables
Body mass index
Age
Gender
Surgical procedure

Beta (β)
0.13
0.02
0.43
0.09

95% CI for β
0.05 - 0.21
-0.02 – 0.06
-0.44 – 1.29
-0.24 – 0.42

p-value
0.002
0.330
0.328
0.585

Supplemental ﬁgure 2 shows the PoAF burden and duration of PoAF episodes
during the ﬁrst ﬁve postoperative days separately. The upper panel shows that in the
obese group the highest PoAF burden was observed on the third postoperative day
(median 6.1%; IQR 1.3-13.7%). In non-obese patients, the highest PoAF burden occurred
on the second postoperative day (median 3.5%; IQR 0.2-6.1%). The lower panel of
Supplemental ﬁgure 2 shows that obese patients spent the longest time in PoAF during
the third postoperative day (median 316 minutes; IQR 93.4-779.3). In non-obese
patients however, the longest time spent in PoAF was on the second postoperative day
(median 194.5 minutes; IQR 11.8-355.8). At the third postoperative day, obese patients
had longer PoAF episodes and higher PoAF burden compared to non-obese patients
(median 135.8 minutes; IQR 18.4-443.9; p=0.035; median 2%; IQR 0.4-6.6%; p=0.021).
The relative frequency distribution of prolonged PoAF episodes for each of the ﬁrst 5
postoperative days is depicted in Table 4. In both obese and non-obese groups, PoAF
episodes lasting longer than 60 minutes occurred mainly on the second and third
postoperative days. However, there was no signiﬁcant difference in the incidence
of prolonged PoAF episodes on either of the ﬁrst ﬁve postoperative days.
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PoAF, postoperative atrial ﬁbrillation.

PoAF burden (%)
median (IQR)
PoAF duration (min)
median (IQR)
Prolonged PoAF
episodes %

Obese patients
Day 1
Day 2
0.24
3
(0.01-7.37) (0.36-11.5)
12.5
175.5
(1-430.87) (24.2 (658.2)
6.25 (6/96) 14.05
(26/185)
Day 3
6.1
(1.34-13.6)
316
(93.3-779.2)
8.92
(57/639)

Day 4
3.83
(0.12-5.72)
103
(5.25-273)
12
(24/201)

Day 5
0.42
(0.04-15.9)
11
(1.5-1375)
10
(7/70)

Non-obese patients
Day 1
Day 2
0.15
3.5
(0.03-0.43) (0.21-6.14)
6
194.7
(1-28.1)
(11.8-355.8)
10
15.4
(7/68)
(33/213)
Day 3
2
(0.35-6.6)
135.7
(18.3-443.8)
9
(33/363)

Day 4
0.7
(0.09-2.4)
49
(5.62-132.2)
6.6
(19/286)

Table 4 – Characteristics of PoAF burden, duration and number of prolonged (>60 minutes) PoAF episodes for each postoperative day
Day 5
1.4
(0.6-2.8)
69
(33-150.6)
3.8
(11/288)
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Clinical outcome
In the obese group, rate control therapy of PoAF was achieved with antiarrhythmic
drugs including β1-blockers (N=43 patients, 64% [43/67]), Digoxin (N=10 patients,
15% [10/67]) or rhythm control with Amiodarone (N=15 patients, 22.3% [15/67]). In
the non-obese group, therapy was aimed at either rate control in 79 patients (β1blockers: N=63 patients, (70.7% [63/89]) and/or digoxin: N=16 patients, (18% [16/89]))
or rhythm control in 20 patients (22.4% [20/89]). The efficacy of amiodarone in
reducing or converting PoAF to sinus rhythm was similar in the obese and nonobese group (p=1.000).The effect of amiodarone was determined by calculating
the difference in median duration of PoAF episodes and PoAF burden between the
ﬁfth postoperative day and the day prior to initiation of treatment.
There was no signiﬁcant difference in both PoAF burden (obese patients: median
(-11%); IQR (-14.9)-3.1%; non-obese patients: median (-4%); IQR (-9.2)-1.5%; p=0.059)
and duration (obese patients: median -545; IQR (-817)-76 minutes; non-obese
patients: (median (-319.2); IQR (-562.2)-103.0 minutes; p=0.298) of PoAF episodes
before and after amiodarone administration. Additional electrical cardioversion
rhythm was performed in 8 obese patients (12% [8/67]) and 6 non-obese patients
(6.7% [6/89]) (p=0.274), resulting in SR in 3 obese patients (4.4% [3/67]) and all nonobese patients (6.7% [6/89]) (p=0.733).

Discussion
Key ﬁndings
The present study demonstrated that for patients presenting early PoAF, the burden is
signiﬁcantly higher in obese patients compared to non-obese patients. Overall, long
PoAF episodes, lasting between 60 minutes and 24 hours occurred more frequently
in the obese population. These long PoAF episodes occurred mainly on the third
postoperative day. There was a signiﬁcant relationship between BMI and PoAF burden.
Clinical relevance of de novo postoperative AF
De-novo early PoAF following cardiac surgery has been associated with increased
rates of mortality, morbidity (e.g., stroke) and subsequently increased hospitalization
time and readmissions. Several risk factors contribute to development of longer
duration of PoAF including older age, male gender4 and obesity17. Intra-operative
factors (e.g., duration of cardioplegic arrest, postoperative inﬂammation)
may affect atrial electrical properties, thus increasing the likelihood for AF
development.4, 18 Previous studies have demonstrated that de-novo onset PoAF
predicts development of late PoAF, associated with an increased rate of hospital
readmissions, cardiovascular events and even mortality.19 The duration of PoAF
episodes after cardiac surgery is also associated with decreased long-term
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survival.20 Sigurdsson et al. have demonstrated that survival was signiﬁcantly worse
in patients who experienced PoAF episodes lasting longer than two days. In our
study, we found that the majority of PoAF episodes lasted less than ﬁve minutes in
both obese (62.6%) and non-obese (68.4%) patients. Episodes lasting longer than
one hour were signiﬁcantly more likely to occur in obese patients (10%) compared to
non-obese patients (8%). Thus, the combination between prolonged PoAF episodes
and increased associated postoperative morbidity due to obesity21, may also
severely affect the survival and postoperative quality of life in obese patients.
De-novo early PoAF burden
The term AF burden is applied to describe the temporal dynamic pattern of AF,
in terms of presence and duration of AF episodes, as detected by various devices
(e.g., bedside monitors, Holter monitors, implantable devices). Accurate assessment
of the AF burden is important as it is related to development of stroke.
Previous studies have demonstrated that BMI, a measure of overall adiposity, is a strong
independent associated factor with not only AF but also PoAF.22-24 In a meta-analysis
of the association between obesity and PoAF in patients without previous history of
AF, Phan et. al found that obesity was associated with a signiﬁcant risk of PoAF. The
assessment of de-novo early PoAF burden in obese patients however, has not been
examined. In our study, we found that obese patients had a signiﬁcantly higher PoAF
burden during the ﬁrst ﬁve postoperative days, when compared to the non-obese
patients. Moreover, obese patients experienced more prolonged PoAF episodes,
particularly on the third postoperative day. This is an important ﬁnding since prior
studies have shown that prolonged episodes are associated with a high risk of stroke.25
In a pooled analysis performed by Boriani et al., the Cox regression analysis
adjusted for CHADS2 and anticoagulants at baseline demonstrated that the AF
burden was an independent predictor of stroke and a threshold of 1 hour was
associated with the highest HR for stroke (i.e. 2.11 (95% CI 1.22-3.64, p=0.008).26
Our study showed that a 0.13 unit increase in BMI resulted in an increase in early
PoAF burden (p=0.002). Even though our data showed no signiﬁcant relationship
between age, gender or surgical procedure and PoAF burden, they could still play an
important role in the incidence of early de-novo PoAF in a larger population. Other
clinical factors such as subcutaneous fat, visceral fat including epicardial adipose
tissue (EAT) could contribute to the increase in PoAF burden in obese patients as
well. EAT has not been assessed in our study, however it is positively correlated with
BMI.27 EAT also plays an important role in AF pathophysiology by modifying the
atrial substrate through the release of inﬂammatory cytokines as well as adipokines
into adjacent myocardium.28 In addition, experimental studies have shown that
weight loss can reduce AF burden and obesity related ionic remodelling. 7
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Age and incidence of DM at baseline were different in our population. Non-obese
patients were older than obese patients and the incidence of DM was signiﬁcantly
lower in the non-obese group (Table 1). However, no relationship was found
between either age or incidence of DM and early PoAF burden. The remainder of
baseline characteristics were similar between the obese and non-obese group,
yet this may depend on the sample size. Hypertension is associated with obesity
and is more frequently encountered in patients with PoAF.24, 29 The majority of our
obese patients were hypertensive (50%), but the incidence did not differ from the
non-obese group.
Therapy of early PoAF
In our study, we found that amiodarone did not affect the overall number
or duration of PoAF episodes.. Previous studies have shown that intravenous
amiodarone signiﬁcantly decreases the incidence of PoAF if administered before30
or immediately after completion of the surgical procedure31. Further research is
needed in assessing whether amiodarone is beneﬁcial in reducing the incidence
of the PoAF burden.

Conclusions
Obesity predisposes to a larger number of prolonged AF episodes in the early,
postoperative period after cardiac surgery for coronary artery disease and/or
valvular heart disease. The higher AF burden in the early postoperative period
occurred particularly on the third day. In order to determine the impact of the early
PoAF burden on long-term clinical outcome, further larger prospective studies are
mandatory. Since the effects of obesity on the AF substrate is reversible with weight
control, preventive life style prior to cardiac surgery may play an invaluable role.
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Supplemental material

Supplemental ﬁgure 1 – Scatterplots of the linear correlations and their intercepts between
the natural logarithm of PoAF and independent variables. The upper left panel shows
the relationship between BMI and PoAF burden. There is a small (r²=0.052) but signiﬁcant
linear association between BMI and PoAF(p=0.004). The upper right panel shows the relationship between age and PoAF burden. There is no signiﬁcant association between
the two variables (r²=0.000, p=0.882). The lower left and right panels shows the association between PoAF burden and gender and surgical procedure respectively. No signiﬁcant
relationship was found between either gender (r²=0.002; p=0.551) or surgical procedure
(r²=0.022; p=0.787) and PoAF burden. PoAF, postoperative atrial ﬁbrillation; Ln PoAF, natural
logarithm of postoperative atrial ﬁbrillation; AVD, atrial valve disease; CABG, coronary artery
bypass grafting; MVD, mitral valve disease; r², coefficient of determination.
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Supplemental ﬁgure 2 – Daily analysis of PoAF episodes lasting >60 minutes. Upper panel:
the relative frequency distribution of PoAF burden for each of the ﬁve postoperative days
individually. On the third postoperative day, there is an increase in the PoAF burden in the
obese group (median 6.1%; IQR 1.3-13.6%) compared to the non-obese group (median 2;
IQR 0.4-6.6) (p=0.031). Lower panel: the relative frequency distribution of the median time
spent in AF on each of the 5 postoperative days individually. Obese patients (median 316
minutes; IQR 93.3-779.2) spent longer time in AF compared to non-obese patients (median
135.7 minutes; IQR 18.3-443.8) (p=0.021) during the third postoperative day. PoAF, postoperative atrial ﬁbrillation; IQR, inter-quartile range.
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Abstract
Objectives
Early postoperative atrial ﬁbrillation (EPoAF) after aortic valve replacement (AVR)
in patients with a bicuspid aortic valve (BAV) has not been studied yet. The aims of
this study are to examine characteristics, associated risk factors and survival during
long-term follow-up for EPoAF in BAV patients after AVR.
Methods
Continuous rhythm monitoring (CRM), electrocardiograms and patient records
were screened for EPoAF presence in BAV patients during the ﬁrst ﬁve postoperative
days. EPoAF characteristics included total, median and longest EPoAF duration,
number of episodes and burden. EPoAF burden was calculated by dividing the
EPoAF duration by the entire CRM duration. Independent risk factors were identiﬁed
using logistic regression. Data regarding overall, cardiovascular and AF-free
survival were evaluated during a follow-up of median 71(46–85) months.
Results
EPoAF occurred in 28% of patients (N=154). In 29 EPoAF patients with available
CRM (N=112), the median EPoAF burden was 13.2(3.3 – 33.6)%. EPoAF burden was
signiﬁcantly correlated with median and longest EPoAF episode duration (r = 0.66;
r = 0.89, respectively). Men had a higher overall burden than women (P = 0.03).
Older age, left atrial enlargement and rethoracotomy were independent risk
factors for EPoAF. Patients with EPoAF had a decreased AF-free survival, but no
decreased overall and cardiac survival compared to patients without EPoAF.
Conclusions
In our BAV population, EPoAF patients have lower AF-free survival and males have
a higher overall EPoAF burden than females. Rhythm monitoring during follow-up
of especially BAV patients with a high EPoAF burden is recommended to detect
AF recurrences.
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Introduction
Bicuspid aortic valve (BAV) is one of the most common types of congenital heart
disease, with a prevalence in adult patients that varies between 0.5 to 2.0%. BAV
patients are prone to develop aortic stenosis and/or regurgitation earlier in life
compared to patients with a tricuspid aortic valve.1, 2 Despite improvement in shortterm outcomes of transcatheter aortic valve implantation in selected patients,
durability of this treatment modality remains unknown.3, 4 Therefore, at present,
surgical aortic valve replacement (AVR) is still considered as the gold standard
therapy for BAV patients.2
Early postoperative atrial ﬁbrillation (EPoAF) is the most frequently encountered
complication after cardiac surgery. Reported incidences of EPoAF after AVR
range between 35% and 40%.5-7 The incidence is even higher in case of AVR and
concomitant coronary artery bypass graft surgery (CABG).8 EPoAF does not only
increase the length and hence costs of hospitalization, but it is also associated with
worse long-term prognosis.9 The risk of mortality within 10 years after AVR is 48%
higher for patients who develop EPoAF than in patients without EPoAF.10 Incidences
of EPoAF have been determined after different types of cardiac surgery. However,
the incidence of EPoAF has never been studied in BAV patients undergoing AVR.
Inevitably, EPoAF characteristics such as burden, median duration and number of
episodes have never been investigated.
In this study, we focus on characteristics of EPoAF in adult patients with BAV disease
undergoing AVR. In addition, we aim to determine risk factors associated with EPoAF
and survival during long-term follow-up of BAV patients after cardiac surgery.

Methods
Data from multiple projects approved by the Institutional Medical Ethics Committee
of the Erasmus University Medical Center in Rotterdam, The Netherlands (AMOR,
MEC-2012-481; EPICEND, MEC-2015-373; HALT & REVERSE, MEC-2014-393; and
QUASAR, MEC-2010-054), were used in this retrospective study.
Study population
Adult BAV patients (≥ 18 years) undergoing AVR with postoperative continuous
rhythm monitoring (CRM) after the procedure were included. The presence of a
BAV was extracted from surgical reports. Patients with endocarditis, hemodynamic
instability prior to surgery or with a history of permanent atrial ﬁbrillation (AF) were
excluded. Data on patient and procedural characteristics were retrieved from the
patient medical records. EPoAF characteristics were only studied for patients with
217
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at least one day of CRM. Therefore, a distinction was made between patients
with and without CRM. The complete study population was used to determine the
incidence, risk factors and survival of EPoAF. The CRM group was used to determine
the EPoAF characteristics.
Analysis of postoperative rhythm registrations
Continuous postoperative rhythm registrations were obtained using bedside
monitors (Draeger InﬁnityTM) from the end of the surgical procedure until hospital
discharge. Data were collected using a customized program (TapeRec) with a
sampling rate of 200 samples per second and stored on hard disks in compressed
CPZ-ﬁles. All postoperative CRM recordings¬ were converted into a MATLAB
compatible format. RR intervals were detected using Pan-Tomkins algorithm.11
All identiﬁed AF episodes by MATLAB were cross-checked in Synescope® with
multichannel Holter scanning by two blinded operators. This was performed in
order to eliminate potential false positive registrations induced by artefacts. Patient
digital records and electrocardiograms were additionally checked for the presence
of EPoAF episodes during the ﬁrst ﬁve postoperative days.
EPoAF characteristics
Patients with no documented EPoAF episode and no documentation in the
electronic patient system were regarded as AF-free. EPoAF was deﬁned as an
irregular heart rhythm without consistent P-waves sustaining for at least 30 seconds
occurring within the ﬁrst ﬁve postoperative days. This period included the ﬁrst 120
hours immediately at the end of the surgical procedure. The incidence of EPoAF
was deﬁned as the occurrence of an EPoAF-episode, as deﬁned above.12 The
burden of EPoAF was calculated by the total duration of all AF episodes divided
by the entire CRM duration. Total, median and longest EPoAF duration, number of
episodes, and EPoAF burden were calculated for each individual patient. EPoAF
burden was calculated both per day and per ﬁve days. Episodes with alternating
AF and atrial ﬂutter were scores as AF episodes.
Risk factors
Preoperative risk factors for EPoAF taken into account included age, male gender,
body mass index, body surface area, alcohol consumption (male >2/day, female
>1/day), smoking (current and previous), asthma, chronic obstructive pulmonary
disease, diabetes mellitus, dyslipidemia, obstructive sleep apnea syndrome,
hypertension, coronary artery disease, cerebrovascular accident, transient ischemic
attack, history of AF, previous myocardial infarction, prior cardiac surgery, thyroid
disease, left atrial enlargement (diameter left atrium: male ≥ 4.7 cm, female ≥
4.3 cm), and left ventricular hypertrophy. Intraoperative risk factors included total
operation time, aortic cross-clamp time, perfusion time, deep hypothermic cardiac
arrest, arrhythmia surgery and type of surgery. Postoperative risk factors included
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temporary atrial pacing, delirium, pneumonia, pneumothorax, rethoracotomy due
to bleeding, and wound infection. Electronic patient ﬁles were used to collect these
data.
Follow-up
Data on AF or AF recurrence, stroke, pacemaker or implantable cardiac deﬁbrillator
implantation, heart failure, hospitalization due to cardiac reasons, cardiovascular
and non-cardiovascular mortality was collected. Hospitalization was deﬁned as stay
in hospital for at least one night. Telephone follow-up consultations were performed
to determine if and when patients underwent an event. In case of an event, records
were requested from the hospital visited. Follow-up was performed until March 2019.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation or as median
[interquartile range (IQR)] depending on skewness. Differences in means and
medians of continuous variables between the CRM and no CRM group, and the
EPoAF and no EPoAF group were analyzed using independent samples t-tests
or Mann-Whitney tests. Categorical variables were expressed as number with
percentage and compared using Chi-square tests or Fisher’s exact 2-sided tests.
Possible predictors of EPoAF were tested in univariable models. Multiple imputation
with 20 imputations was used for missing values. All variables with a p-value < 0.1
and clinically relevant risk factors were selected for the full multivariable model.
Backward logistic regression was used for the ﬁnal model to prevent overﬁtting.
The Kruskal Wallis test was used to examine differences in monitoring time and
burden between postoperative days. Correlations were tested with Pearson or
Spearman, whichever was appropriate. Measurements of EPoAF characteristics
with Z-scores lower than -3 or higher than +3 were left out in correlation analyses as
outliers. A receiver operator characteristic curve was used to estimate the optimal
cut-off for burden and to evaluate sensitivity and speciﬁcity. Kaplan-Meier method
and log-rank tests were performed for the survival analyses. A p-value of < 0.05
was considered as statistically signiﬁcant. Statistical analysis was performed using
SPSS Statistics version 24 (IBM, Armonk, New York).

Results
Study population
A total of 451 adult patients had postoperative 24-hour rhythm registrations after
AVR between March 2011 and May 2018. Patients were excluded because of a
tricuspid aortic valve anatomy (N = 285), active endocarditis (N = 8), permanent
AF (N = 2) and hemodynamic instability (N = 2). CRM could not be analyzed in 42
(27%) patients due to technical errors.
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Demographic characteristics of all patients [N = 154; 106 (69%) male] and of the
CRM (N = 112) and no CRM group (N = 42) separately are shown in the upper part
of Table 1. Patient characteristics between the CRM and no CRM group did not
differ apart from the degree of aortic valve insufficiency (P = 0.029). Mean age at
the time of surgery was 59 ± 14 (21 - 82) years. NYHA functional class II and III were
most common (N = 102, 66%). Hypertension (N = 74, 48%) was the most prevalent
preoperative risk factor followed by a history of smoking (N = 53, 36%) and history
of CABG (N = 41, 27%). Left and right ventricular function were normal in respectively
123 patients (80%) and 136 patients (88%). The majority of patients had moderate
or severe aortic valve stenosis (N = 124, 81%). Furthermore, 49 patients (32%) had
moderate or severe aortic valve insufficiency. There were 72 patients (46%) who
were treated preoperative by class II anti-arrhythmic drugs.
Table 1 – Patient characteristics

Number of patients

Total

CRM group

No CRM group

154

112

42

P-value†

Age (years)

59 ± 14

60 ± 13

58 ± 15

Male gender

106 (69)

76 (68)

30 (71)

NS

Body mass index (kg/m2)

27.0 ± 4.3

27.1 ± 4.6

26.8 ± 3.6

NS

Body surface area (m2)

1.97 ± 0.22

1.97 ± 0.22

1.98 ± 0.23

NS

43 (28)

27 (24)

16 (38)

NYHA functional class
I

NS

NS

II/III

102 (66)

78 (70)

24 (57)

IV

9 (6)

7 (6)

2 (5)

21 (14)

18 (16)

3 (7)

Current smoker

28 (19)

18 (16)

10 (24)

NS

Ex-smoker

53 (36)

43 (38)

10 (24)

NS

Pre-operative risk factors
Alcohol consumption*

NS

Smoking*

Asthma
COPD
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8 (5)

7 (6)

1 (2)

NS

21 (14)

16 (14)

5 (12)

NS

Diabetes Mellitus

17 (11)

13 (12)

4 (10)

NS

Dyslipidemia

33 (21)

24 (21)

9 (21)

NS

OSAS

10 (7)

8 (7)

2 (5)

NS

Hypertension

74 (48)

56 (50)

18 (43)

NS

History of CABG

41 (27)

29 (26)

12 (29)

NS

CVA/TIA

12 (8)

10 (9)

2 (5)

NS

History of AF

23 (15)

14 (13)

9 (21)

NS

Previous myocardial infarction

8 (5)

7 (6)

1 (2)

NS

Prior cardiac surgery

17 (11)

9 (8)

8 (19)

NS

Thyroid disorders

10 (7)

8 (7)

2 (5)

NS
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Table 1 – Continued
Total

CRM group

No CRM group

123 (80)

91 (81)

32 (76)

P-value†

Echocardiography
Left ventricular function
Normal

NS

Mild/Moderate dysfunction

27 (17)

18 (16)

9 (21)

Severe dysfunction

4 (3)

3 (3)

1 (2)

Normal

136 (88)

100 (89)

36 (86)

Mild/Moderate dysfunction

6 (4)

4 (4)

2 (5)

Severe dysfunction

0 (0)

0 (0)

0 (0)

Right ventricular function*

NS

Valve function**
Aortic valve stenosis

124 (81)

92 (82)

32 (76)

Aortic valve insufficiency*

49 (32)

30 (27)

19 (45)

NS
0.029

Mitral valve insufficiency*

10 (6)

6 (5)

4 (10)

NS

Left atrial enlargement*

21 (14)

16 (14)

5 (12)

NS

Left ventricular hypertrophy

123 (80)

93 (83)

30 (71)

NS

-

Drug therapy (preoperative)
Anti-arrhythmic drugs
Class I

0 (0)

0 (0)

0 (0)

Class II

60 (39)

41 (36)

19 (45)

NS

Class III

9 (6)

6 (5)

3 (7)

NS

Class IV

3 (2)

3 (3)

0 (0)

NS

49 (32)

36 (32)

13 (31)

NS

ACE-I/ARB
Digoxin

8 (5)

5 (4)

3 (7)

NS

Statins

51 (33)

36 (32)

15 (36)

NS
NS

11

Procedural characteristics
Size of prosthesis (mm)

24.5 ± 2.7

24.4 ± 2.4

24.7 ± 2.8

Temporary atrial pacing

10 (6)

7 (6)

3 (7)

NS

DHCA

25 (16)

18 (16)

7 (17)

NS

Aortic cross-clamp time (min)*

97 ± 32

94 ± 30

105 ± 34

0.042

Perfusion time (min)*

140 ± 51

135 ± 50

151 ± 53

NS

Total operation time (min)

325 ± 87

317 ± 87

348 ± 82

0.045

Bioprosthetic valve

65 (42)

48 (42)

17 (40)

Mechanical valve

89 (58)

64 (57)

25 (60)

Isolated AVR

78 (51)

63 (56)

15 (36)

AVR + CABG

22 (14)

14 (12)

8 (19)

NS

AVR + CABG + MVP

1 (1)

1 (1)

0 (0)

NS

AVR + CABG + MVP + SCAAR

1 (1)

1 (1)

0 (0)

NS

Type of prosthesis

NS

Type of surgery
0.023
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Table 1 – Continued
Total

CRM group

No CRM group

P-value†

AVR + CABG + SCAAR

2 (1)

1 (1)

1 (2)

NS

AVR + MVP

2 (1)

2 (2)

0 (0)

NS

AVR + MVR

1 (1)

1 (1)

0 (0)

NS

AVR + SCAAR

9 (6)

6 (5)

3 (7)

NS

AVR + VSD closure

2 (1)

1 (1)

1 (2)

NS

Bentall

30 (19)

18 (16)

12 (29)

NS

Bentall + CABG)

4 (3)

3 (3)

1 (2

NS

Bentall + MVP

2 (1)

1 (1)

1 (2)

Rhythm surgery

15 (10)

9 (8)

6 (14)

NS

Values are presented as mean ± standard deviation or as N (%). Bold indicates statistically signiﬁcant
values. ACE-I, angiotensin I converting enzyme inhibitors; ARB, angiotensin II receptor blockers;
AVR, aortic valve replacement; CABG, coronary artery bypass graft; COPD, chronic obstructive
pulmonary disease; CRM, continuous rhythm monitoring; CVA, cerebrovascular accident; DHCA,
deep hypothermic circulatory arrest; NYHA, New York Heart Association; OSAS, obstructive sleep
apnea syndrome; SCAAR, supra coronary ascending aortic replacement; TIA, transient ischemic
attack.
† P-value for CRM vs. no CRM group.
* Missing data: alcohol use (38 – 19 – 19), smoking (8 – 4 – 4), right ventricular function (12 – 8 – 4),
aortic valve insufficiency (9 – 8 – 1), mitral valve insufficiency (13 – 13 – 0), left atrial enlargement
(3 – 2 – 1), aortic cross-clamp time (5 – 5 – 0), perfusion time (5 – 5 – 0).
** For valve function only the moderate and severe cases of insufficiency or stenosis were
included.

The different types of BAV morphology in this population are depicted in Figure
1. For 12 patients (8%), it was not possible to determine the Sievers classiﬁcation.
Besides, 17% of the patients had a type 0 BAV (N = 27), 70% a type 1 BAV (N = 108),
and 5% a type 2 BAV (5%). Of those patients with a BAV with raphe (N = 115), the
majority had fusion of the right and left coronary cusp (N = 80, 70%).
Procedural characteristics of the study population are shown in the lower part of
Table 1. The majority of the patients underwent lone AVR (N = 78, 51%). The mean
aortic cross-clamp time and perfusion time were respectively 97 ± 32 and 140 ±
51 minutes. Temporary atrial pacing was applied in ten patients (6%). Procedural
characteristics between the CRM and no CRM group differed for aortic cross-clamp
time (P = 0.042) and total surgery time (P = 0.045). Furthermore, more patients in the
CRM group had isolated AVR (P = 0.023) compared to the group without CRM.
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Figure 1 – Bicuspid aortic valve morphology (BAV) according to the presence of a raphe (left
upper panel) or Sievers classiﬁcation (lower panel). In case of a raphe, the different types of
fusion of valves are presented. The majority of patients had a Sievers type 1 BAV and fusion
of the right coronary cusp (RCC) and left coronary cusp (LCC). NCC, non coronary cusp.

Continuous rhythm registrations
The number of patients with rhythm registrations was equal on the ﬁrst, second and
third postoperative day, and smallest on day 5 (N = 106, N = 106, N = 106, N = 99,
N = 63). Median CRM time was smaller on postoperative day 5 [19 (15 – 23) hours]
compared to postoperative day 3 [23 (17 – 24) hours] and day 4 [23 (20-24) hours].
In patients in whom CRM was available (N=112), the mean 5-day recording time
per patient was 75 ± 21 hours.
Incidence and timing of EPoAF
EPoAF occurred in 43 of 154 patients (28%), of whom 10 patients (23%) had a
history of AF, including eight patients with a history of paroxysmal AF and two
with persistent AF. Incidence of de novo AF in BAV patients was 25% (N=33). Thirtyfour patients (27%) with valve surgery and nine patients with valve surgery and
concomitant CABG (30%) developed EPoAF.
Besides, 26% of patients with CRM (N = 29) developed EPoAF. As shown in
Supplemental ﬁgure 1, the incidence of EPoAF differed signiﬁcantly between the
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postoperative days (P = 0.001) with the highest incidences on the second (10.4%) and
third (11.3%) postoperative day. Most patients had EPoAF on only one postoperative
day (N = 11, 38%) and solely ﬁve (17%) patients had EPoAF on four postoperative
days. The EPoAF incidence did not differ signiﬁcantly between the CRM group and
no CRM group (P = 0.359).

Figure 2 – Gender differences in early postoperative atrial ﬁbrillation (EPoAF) characteristics. Males had a higher overall burden, longer median AF duration and longer longest
atrial ﬁbrillation episode duration (LAFED) compared to females. Burden was calculated by
dividing the EPoAF duration by the entire continuous rhythm monitoring duration.

Burden of EPoAF
The EPoAF burden for 86 ± 25 hours CRM was 13.2 (3.3 – 33.6) %. The median burden
did not differ between the various postoperative days (P = 0.948). Supplemental
ﬁgure 2 depicts the median burden measured at every postoperative day for
patients with and without history of AF separately. No EPoAF characteristics (i.e.
total, median and longest AF episode duration, burden, and number of episodes)
were signiﬁcantly different between these two groups. Furthermore, older patients
(65+ years) had the same EPoAF characteristics as younger patients. However,
gender did affect some EPoAF characteristics. As depicted in Figure 2, males
had a higher overall burden (P = 0.028), longer median AF duration (P = 0.043)
and longer longest AF episode duration (P = 0.019) than females. Males were
comparable to females with respect to age, history of AF, LA enlargement and
rethoracotomy frequency.
224

Early postoperative atrial fibrillation in adult bicuspid aortic valve patients

As shown in Supplemental ﬁgure 1, a total of 158 EPoAF episodes was recorded in
the entire study population. Most episodes occurred on the third, fourth and ﬁfth
postoperative day. There were interindividual variations in the number of episodes
(1 – 33) with a median of 2 (1 – 6) episodes, total [465 (189 – 1473) minutes], median
[172 (24 – 672) minutes] and longest EPoAF duration [226 (165 – 956) minutes].
EPoAF characteristics for each patient separately are presented in Table 2. One
outlier for median EPoAF duration (5722 minutes; z-score 4.88) and one for longest
EPoAF duration (5722 minutes, z-score 4.43) were not taken into account in Figure 3.
Burden and longest AF duration were correlated (r = 0.89, P < 0.001). Furthermore,
a correlation between burden and median AF duration (r = 0.66, P < 0.001) was
found. Burden and number of episodes were not correlated. Alternating AF with
atrial ﬂutter episodes were present in six (21%) patients.
Table 2 – Early postoperative atrial ﬁbrillation (EPoAF) characteristics per patient (N=29)
Patient
no.
59
18
184
174
136
202
135
43
87
132
2
35
130
141
75
177
147
48
186
82
178
155
139
106
15
98
6
49
125

Total
duration
(min.)
0.5
36.5
71
171.5
206
168
146.5
209
241
224
295
464.5
121.5
687.5
937
803.5
656
431.5
392
1358
1111
939.5
2460
1852
1588
4342.5
3980.5
5722
3170.5

Median
duration
(min.)
0.5
1
35.5
171.5
206
0.75
47
104.5
1
224
11.5
11
60.75
687.5
73
121
656
47.75
392
1358
194
1
1230
926
794
882
262
5722
304.25

LAFED
(min.)

No. of
episodes

Burden (%) No. of days

0.5
3
61
171.5
206
166
53.5
163
212
224
192
158
73
687.5
198
603.5
656
226
392
1358
712
645.5
2395
1648
883
1507
1028.5
5722
1551.5

1
33
2
1
1
4
3
2
8
1
6
15
2
1
13
3
1
6
1
1
4
18
2
2
2
5
13
1
6

0.01
0.62
1.61
2.85
2.93
2.94
2.98
3.69
4.70
5.20
6.56
6.71
6.88
12.70
13.20
13.34
14.10
14.54
17.11
19.09
19.73
31.44
35.76
36.10
49.29
65.62
71.38
80.30
100

1
2
2
1
1
1
2
1
3
1
2
4
1
2
4
1
1
1
1
2
3
2
3
3
3
4
4
4
3

11

LAFED, longest atrial ﬁbrillation episode duration.
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Risk factors
Univariable analysis of risk factors for EPoAF for the whole study population
(N = 154) is demonstrated in Supplemental table 1. Univariable predictors of
EPoAF were age (P < 0.001), left atrial enlargement (P = 0.001), temporary atrial
pacing (P = 0.029) and rethoracotomy (P = 0.023). In patients who underwent
rethoracotomy, the majority (N = 11, 92%) developed EPoAF after the rethoracotomy,
except for one patient who developed EPoAF during rethoracotomy. Most patients
who had a rethoracotomy were males (N = 20, 77%). However, gender had no
effect on whether the patient developed EPoAF after rethoracotomy. EPoAF after
rethoracotomy was associated with older age (P = 0.003).
Independent risk factors for EPoAF identiﬁed with multivariable analysis were
older age (OR 1.07, CI 1.027 – 1.106, P = 0.001), left atrial enlargement (OR 3.26, CI
1.168 – 9.083, P = 0.024) and rethoracotomy (OR 2.68, CI 1.037 – 6.941, P = 0.042).
Remarkably, aortic cross-clamp time and total surgery time were not identiﬁed as
possible predictors for EPoAF.

0 1 2 3 4 5 6 7 8 91001112
2113
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1711881920
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22233242526272829

Figure 3 – Early postoperative atrial ﬁbrillation (EPoAF) characteristics. Left upper panel:
the burden is depicted for every patient; patients are ranked by burden. Right upper panel:
the burden plotted against the longest atrial ﬁbrillation episode duration (LAFED). Left lower
panel: the burden plotted against the median EPoAF duration. Right lower panel: the burden
plotted against the number of episodes. Spearman’s correlation is denoted by r. Burden
and LAFED as well as burden and median EPoAF duration were correlated. One outlier
for LAFED and one outlier for median EPoAF duration were not taken into account (N = 28).
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Adverse events during long-term follow-up
Follow-up after surgery ranged from 46 to 85 months with a median of 71 months.
The follow-up was irretrievable for 15 patients. A total of 20 patients (13%) died
during follow-up. Cardiac causes of death included myocardial infarction (N = 2),
heart failure (N = 2), endocarditis (N = 1), cardiac arrest (N = 2), cerebrovascular
accident (N = 1), cardiac tamponade (N = 1) and sudden cardiac death (N = 1).
Non-cardiovascular causes of death were traumatic subdural hematoma (N = 1),
traumatic injury (N = 1), drowning (N = 1), pneumonia (N = 1) and intestinal ischemia
(N = 1). The cause of death was unknown for 5 patients.
Patients with EPoAF had more often AF after hospital demission (P = 0.007). Patients
with and without EPoAF did not differ in incidence of CVA, TIA, pacemaker or ICD
implantation, heart failure and hospitalization. Figure 4 displays mortality and
AF-free survival. Data on cardiovascular mortality was available in 149 patients
whereas data on AF-free and new-onset AF-free survival were available in
respectively 139 and 120 patients. Survival analysis showed no difference in overall
and cardiovascular mortality between patients with and without EPoAF (P = 0.4,
P = 0.3). However, the AF-free survival after hospital demission was decreased
for EPoAF patients [HR 3.60 (1.49 – 8.73), P = 0.005]. This was also observed when
only patients with new-onset EPoAF patients were selected [HR 3.07 (1.03 – 9.10),
P = 0.04]. Only one patient developed persistent atrial ﬂutter.
As depicted in Figure 5, the area under the receiver operator curve (AUC) for
burden and AF occurrence after hospital demission was 0.74 (0.51 – 0.98), P = 0.052.
The optimal cut-off of 9.79% burden resulted in a sensitivity of 88% and speciﬁcity of
61%. This cut-off was used to classify EPoAF burden in a high (> 9.79%) and low (≤
9.79%) category. The AF-free survival for high burden was signiﬁcantly lower than
for low burden [HR 5.11 (1.23 – 21.1), P = 0.02].
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Figure 4 – Kaplan-Meier analysis of all-cause and cardiovascular mortality, AF-free survival and AF-free survival for patients with new-onset early postoperative atrial ﬁbrillation
(EPoAF) (95% CI dotted lines). AF-free survival after hospital demission was decreased for
EPoAF patients.

Figure 5 – Determining a cut-off value of burden for AF occurrence after hospital demission.
Left panel: ROC-curve indicating the cut-off of burden with highest sensitivity and speciﬁcity.
Right panel: Kaplan-Meier plot for AF-free survival comparing high versus low burden (95%
CI dotted lines). Burden was deﬁned as high (> 9.79%) or low (≤ 9.79%). The AF-free survival
for patients with high burden was decreased compared to patients with low burden (HR 5.11).
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Discussion
Key ﬁndings
To our knowledge, this is the ﬁrst study examining characteristics, associated risk
factors and long-term follow-up of EPoAF in a cohort of BAV patients. Incidence and
median burden of EPoAF were respectively 28% and 13.2%. Burden was signiﬁcantly
correlated with median and longest EPoAF duration. Men had higher overall
burden and longer episodes than women. Independent risk factors for EPoAF
in BAV patients were increasing age, left atrial enlargement and rethoracotomy
due to bleeding. The overall and cardiac mortality were equal in patients with
and without EPoAF. However, EPoAF patients had a decreased AF-free survival
independently of history of AF. A high burden was associated with a decreased
AF-free survival.
Development of EPoAF
In the general population, incidence of EPoAF remains unchanged regardless
of improvements in surgical techniques and postoperative care.13 The exact
underlying mechanism of AF and EPoAF is still incompletely understood and
multiple theories exist about the mechanisms underlying perpetuation of AF.14-17
Probably, the mechanism of EPoAF is inﬂuenced by pre-, intra- and postoperative
triggers as well as the presence of an electrical substrate. The arrhythmogenic
substrate may be pre-existing or may develop during or after surgery. In our
study, we found increasing age, left atrial enlargement and rethoracotomy due to
bleeding as predictors for EPoAF. Increasing age appears to be the most important
preoperative independent predictor.6, 18 Another independent risk factor is left
atrial enlargement.19 Rethoracotomy due to bleeding has not been described as
postoperative risk factor in previous studies. Pericardial blood might be a trigger for
EPoAF due to pericardial inﬂammation or oxidative stress, but the exact mechanism
remains unclear.20 Furthermore, a history of AF is found to be an important risk
factor. However, history of AF was not associated with EPoAF in this study which
might be due to the small number of patients with a history of AF.
Characteristics of EPoAF
A possible way to help us identify patients with EPoAF at risk for adverse clinical
outcomes is burden.21 In our study, the burden was deﬁned as the total EPoAF time
divided by the total CRM time. The burden for EPoAF has been calculated with
the same methodology as earlier described in patients after CABG.22 However, an
application for EPoAF detection was not used in that study. Strategies used by other
researchers to approach the burden of paroxysmal AF are monitoring by implantable
electronic devices, or by single lead ECG monitor.23, 24 In contrast to previous cited
studies for burden calculation in patients with paroxysmal AF, this study used a
noninvasive and more precise approach to determine characteristics of EPoAF.
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The incidence found in this study population is lower than the reported incidences in
other studies examining incidences in patients after valve surgery.5-8 One reason for
this observation might be the lower mean age of our study population compared
to other studies in which patients underwent AVR. Another explanation is the
difference in pathophysiology of aortic stenosis or insufficiency. BAV patients with
aortic stenosis or insufficiency were less likely to have multiple comorbidities such
as hypertension, diabetes mellitus, hyperlipidemia and coronary artery disease
compared to patients with a tricuspid aortic valve.25 All these comorbidities are
possible risk factors for EPoAF.
One of the triggers for atrial ﬁbrillation is inﬂammation. In the present study, a higher
EPoAF burden was found in males compared to females. A possible explanation for
this difference in burden might be the smaller, slower and prolonged inﬂammatory
response of a male’s immune system compared to that of a female.26
Long-term follow-up
Although multiple studies show the harmful effects of new-onset EPoAF on longterm survival after CABG27, 28, this association is less clear for patients after valve
surgery29. Filardo et al. have shown that EPoAF is associated with poorer survival
after AVR.10 However, this association could not be conﬁrmed by other researchers.5,
30
Also in the present study, no difference in survival between patients with and
without EPoAF has been found. Based on longitudinal studies in the general
population, it is clear that AF is associated with poorer survival. This decreased
survival might be due to AF recurrences and an increased risk of cardiovascular
events. 31, 32 Interestingly, Saxena et al. suggested that a poorer perioperative
proﬁle in EPoAF patients instead of EPoAF itself is likely to account for some
survival difference.5 Furthermore, increasing age is both an important predictor
for development of EPoAF and a marker for poorer long-term outcomes after
surgery.33 Since the population in this study is younger compared to other studies,
a lower incidence of EPoAF and better survival is expected and thus the survival
difference will be smaller. Nevertheless, our ﬁnding of an absent association
between EPoAF and survival should be interpreted with caution based on the low
event rate and small sample size.
Study limitations
Given the retrospective design of this study, in some patients CRM data was
incomplete due to technical errors while downloading data from the server. In
addition, recall bias could be present due to the telephonic follow-up of patients.

230

Early postoperative atrial fibrillation in adult bicuspid aortic valve patients

Conclusions
EPoAF in BAV patients after AVR is a postoperative complication with an incidence
of 28% and a burden of 13.2%, which signiﬁcantly reduces AF-free survival but does
not impact overall survival. We found a correlation between EPoAF burden and
longest AF episode duration. Men had a higher overall burden and longer episodes
than women. Increasing age, left atrial enlargement and rethoracotomy due to
bleeding were independent predictors of EPoAF. Rhythm monitoring during followup of BAV patients with a high EPoAF burden (>9.79%) after AVR is recommended to
detect AF recurrences. Future research is needed to unravel the pathophysiology
of EPoAF and to further evaluate the prospective value of burden.
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Supplemental ﬁgure 1 – Timing, duration and incidence of early postoperative atrial ﬁbrillation (EPoAF) episodes. Upper panel: timing and duration of EPoAF episodes for every patient
separately. Each dot is an EPoAF episode. The size of the dot depicts the duration of the EPoAF
episode. Lower panel: incidence of EPoAF per day. Most episodes occurred on the third,
fourth and ﬁfth postoperative day. The incidence was highest on the third postoperative day.

11

Supplemental ﬁgure 2 – Burden for patients with and without history of AF. Left upper panel:
the burden of every patient is plotted per day for patients with and without history of AF
separately. The median is indicated by the bar. Right upper panel: the median burden with
interquartile range is depicted for patients with and without history of AF. Lower panel: the
median burdens per day are compared in patients with and without history of AF. The overall
burden and burden per day did not differ between patients with and without history of AF.
235

Chapter 11

Supplemental table 1 – Univariable analysis of risk factors
Variable
Number of patients
Age (years)
Male gender
Body mass index (kg/m2)
Body surface area (m2)
Preoperative risk factors
Alcohol consumption*
Smoking (current & previous)*
Asthma
COPD
Diabetes mellitus
Dyslipidaemia
OSAS
Hypertension
History of CABG
CVA/TIA
History of AF
Previous myocardial infarction
Prior cardiac surgery
Thyroid disorders
Left atrial enlargement*
Left ventricular hypertrophy
Intraoperative risk factors
Total operation time (min)
Aortic cross-clamp time (min)*
Perfusion time (min)*
DHCA, N(%)
Type of surgery
Isolated AVR
Bentall
AVR + CABG
Rhythm surgery
Postoperative risk factors
Temporary atrial pacing
Delirium
Pneumonia
Pneumothorax
Rethoracotomy (bleeding)
Wound infection

EPoAF
43
66 ± 7
28 (65%)
27.6 ± 4.3
1.96 ± 0.26

No EPoAF
111
56 ± 15
78 (70%)
26.7 ± 4.3
1.98 ± 0.21

OR

95% CI

P-value

1.07
0.79
1.05
0.67

1.034-1.114
0.374-1.668
0.968-1.139
0.139-3.270

< 0.001
0.536
0.238
0.626

7 (19%)
21 (53%)
2 (5%)
6 (14%)
5 (12%)
13 (30%)
1 (2%)
21 (48%)
13 (30%)
4 (9%)
10 (23%)
2 (5%)
5 (12%)
2 (5%)
12 (28%)
33 (87%)

14 (18%)
60 (57%)
6 (5%)
15 (14%)
12 (11%)
20 (18%)
9 (8%)
53 (48%)
28 (25%)
8 (7%)
13 (12%)
6 (5%)
12 (11%)
8 (7%)
9 (8%)
82 (85%)

1.14
0.85

0.416-3.115
0.408-1.758

0.96

0.347-2.672

1.97

0.876-4.437

1.05
1.29

0.516-2.113
0.589-2.800

2.28

0.916-5.697

4.64
0.93

1.782-12.10
0.391-2.230

0.801
0.656
0.999
0.943
0.999
0.097
0.285
0.903
0.528
0.739
0.071
0.999
0.999
0.727
0.001
0.877

324 ± 77
104 ± 37
147 ± 52
6 (14%)

326 ± 90
94 ± 29
137 ± 51
19 (17%)

1.00
1.01
1.00
0.79

0.996-1.004
0.999-1.021
0.997-1.010
0.291-2.122

0.905
0.081
0.312
0.633

20 (47%)
9 (21%)
6 (14%)
5 (12%)

58 (52%)
21 (19%)
16 (14%)
10 (9%)

0.80
1.13
1.04

0.392-1.609
0.473-2.721
0.377-2.858

0.523
0.777
0.942
0.762

6 (14%)
4 (9%)
0 (0%)
2 (5%)
12 (28%)
1 (2%)

4 (4%)
5 (5%)
1 (1%)
8 (7%)
14 (13%)
2 (2%)

2.68

1.123-6.406

0.029
0.267
0.999
0.727
0.023
0.999

Values are presented as mean ± standard deviation or N (%). Bold indicates statistically signiﬁcant
values. AVR, aortic valve replacement; CABG, coronary artery bypass grafting; COPD, chronic
obstructive pulmonary disease; CVA, cerebrovascular accident; DHCA, deep hypothermic
circulatory arrest; EPoAF, early postoperative atrial ﬁbrillation; OSAS, obstructive sleep apnea
syndrome; TIA, transient ischemic attack.
* Missing data (EPoAF – No EPoAF): alcohol consumption (7 – 31), smoking (3 – 5), left a t r i a l
enlargement (2 – 1), aortic cross-clamp time (2 – 3), perfusion time (2 – 3).
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Supplemental table 2 – Follow-up
Variable
Number of patients
Episode of AF
AAD
CVA
TIA
Pacemaker
ICD
Heart failure
Hospitalization
Variable
Number of patients
Episode of AF
AAD
CVA
TIA
Pacemaker
ICD
Heart failure
Hospitalization

EPoAF
38
13 (34)
24 (63)
4 (11)
0 (0)
3 (8)
2 (5)
3 (8)
7 (18)
New-onset EPoAF
31
8 (26)
19 (61)
3 (10)
0 (0)
2 (6)
1 (3)
1 (3)
3 (10)

No EPoAF
101
14 (14)
38 (38)
5 (5)
10 (10)
3 (3)
4 (4)
1 (1)
24 (24)
No new-onset EPoAF
88
10 (11)
31 (35)
4 (5)
10 (11)
2 (2)
4 (4)
1 (1)
19 (22)

OR

95% CI

3.23 1.345-7.761
2.84 1.313-6.153

P-value
0.007
0.007
0.234
0.062
0.345
0.665
0.062
0.500
P-value

OR

95% CI

2.71
2.91

0.959-7.672 0.078
1.251-6.776 0.011
0.375
0.062
0.278
0.999
0.455
0.142

Values are presented as N(%). Bold indicates statistically signiﬁcant values. AAD, anti-arrhythmic
drugs; CVA, cerebrovascular accident; ICD, implantable cardioverter deﬁbrillator; TIA, transient
ischemic attack.
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Finding the adequate therapy for patients with atrial ﬁbrillation (AF) can often feel
like a never-ending challenge. Although AF represents the most common agerelated, progressive cardiac arrhythmia worldwide, there still is no curative therapy.
Ablative therapy seemed promising, but many patients have recurrences or require
multiple ablation procedures. Pulmonary vein isolation (PVI) is like ﬂipping a coin,
as single-procedure freedom from atrial arrhythmia at long-term follow-up is only
~50% in the overall population.1 Progression of the disease, i.e. from paroxysmal to
persistent AF, entails even worse ablation success (54% vs. 42% at 5-years follow-up,
respectively).1 Especially for patients with persistent AF, multiple ablative strategies
in addition to PVI have been proposed, including linear ablation and targeting
of complex fractionated atrial electrograms (CFAE). The STAR AF 2 trial however
showed that freedom from AF recurrence after 18 months did not increase when
either linear ablation or ablation of CFAEs was added to PVI ablation (46% for linear
ablation + PVI vs. 49% for CFAE + PVI vs. 59% for PVI alone, P=0.15).2 Even though the
mechanisms responsible for progression of AF are still of key debate, atrial electroanatomical remodeling is a widely-recognized factor in the pathogenesis of AF.
Known manifestations of advanced atrial remodeling include left atrial (LA) dilation
and atrial interstitial ﬁbrosis or scarring. The latter can serve as a substrate for
slow-conduction and intra-atrial re-entry, which could predispose to (recurrent) AF.3
Based on the conception that low voltage (≤0.5mV) implies presence of scar tissue,
and thus arrhythmia substrate, multiple studies have found a signiﬁcant correlation
between presence of low-voltage areas (LVA) and progression of AF.4 Furthermore,
late recurrence of AF (beyond two-months) after PVI was found to be signiﬁcantly
higher in patients with pre-existence of LA scarring compared to patients without LA
scarring (57% vs. 19% respectively, P=0.003).3 Periprocedural evidence of LVA during
sinus rhythm yielded a stronger predictor of AF recurrence after PVI than other
known risk factors such as age, ejection fraction and LA size.3 Nowadays, voltageguided substrate modiﬁcation by targeting LVA in addition to PVI is an emerging
therapy with promising results. A recent systematic review concluded LVA-ablation
in addition to PVI more effective (i.e. reduction of postablation atrial arrhythmia
occurrence) and safer (e.g. reduced procedure time) than PVI alone, especially
in nonparoxysmal patients.5 There is, however, still more than enough room for
improvement. With all the additional ablation options out there, especially the use
of a more individualized ablation approach could increase effectiveness.
In this issue of Heart Rhythm, Büttner et al. propose using a blood-based
biomarker to non-invasively characterize the stage of AF progression to reﬁne
therapy and follow-up strategies.6 Although AF type and LA diameter are easy
obtainable clinical parameters, detection of the more directional parameter LVA
is only possible periprocedural. Büttner et al. therefore investigated whether brain
natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) levels were associated
with AF progression phenotypes, deﬁned as switch from paroxysmal to persistent
240
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AF, presence of LVA and increased LA diameter.6 For this study a discovery (n=51)
and validation set (n=241) of consecutively selected AF patients undergoing ﬁrst AF
radiofrequency ablation were used. Presence of LVA was found in 22% of patients
within the discovery set (of which 70% with persistent AF) and in 26% of patients
within the validation set (of which 82% with persistent AF). Interestingly, levels of
NT-proANP, but not NT-proBNP, were signiﬁcantly associated with presence of LVA
in both the discovery and validation cohort (28±12 vs. 17±12 ng/mL, P=0.009 and
25±20 vs. 18±13 ng/mL, P=0.016, respectively).6 Higher NT-proANP levels were also
signiﬁcantly associated with larger LA diameter (in both cohorts) and with greater
LA volume (in the validation cohort). For assessment of the relation between NTproANP and NT-proBNP levels and AF progression phenotypes, four groups of
phenotypes were deﬁned: 1) paroxysmal AF without LVA (n=86); 2) persistent AF
without LVA (n=90); 3) paroxysmal AF with LVA (n=12) and 4) persistent AF with LVA
(n=53). Only levels of NT-proANP increased with disease progression and advanced
electro-anatomical remodeling, as NT-proANP was signiﬁcantly higher in patients
in group 2 and 3 compared to group 1, and highest in patients in group 4 (means:
15, 20, 19 and 27 ng/mL, P=0.004).6
Büttner et al. should be complimented for their valuable work, indicating that
natriuretic peptides show sensitivity in phenotyping AF progression and remodeling.
Their ﬁndings can really be a ﬁrst step towards an approach where the stage
of electro-anatomic remodeling can be determined noninvasively, which could
directly aid in selection of the appropriate ablation approach for the individual
patient. Biomarkers in the blood have great potential to be included within the
treatment chain of AF, since they are relatively easy accessible in every patient and
can be of great diagnostic and predictive value. Increased pre-ablation level of
NT-proANP has previously been associated with greater risk of post-interventional
AF recurrence.7 Biomarkers can also indicate a potential target of therapy. So did
Brundel et al. recently show that heat shock proteins (HSPs) in the blood exhaust with
AF progression in AF patients, and that pharmacological induction of these HSPs
using geranylgeranylacetone protected against atrial remodeling in dogs.8, 9
The ﬁndings of Büttner and colleagues are promising, but there are some side notes
that should be made. The association between NT-proANP and LA diameter and
LVA was found only weak to moderate, indicating that more larger studies should
be performed to validate the outcomes. Furthermore, although “low voltage” and
“scar” are often used interchangeably, it can be questioned whether LVA always
represents scar tissue, especially when bipolar recordings are used for construction
of LA voltage maps. Bipolar voltage amplitude is known to be a nonspeciﬁc
variable, since it is inﬂuenced by multiple factors, including: 1) conduction velocity;
2) ﬁber orientation and curvature; 3) wavefront of activation; 4) tissue contact;
5) presence of insulating tissue (i.e. edema or fat) and 6) characteristics of the
241
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recording catheter and mapping system (i.e. electrode size, interelectrode spacing,
angle of incidence, ﬁltering, mapping density, mapping resolution).10, 11 Therefore,
interpretation of bipolar voltages is anything but straightforward and should be
done with extreme caution. As stated earlier, mapping of low-voltage areas is
based on the conception that low voltage (≤0.5mV) implies presence of scar tissue
and thus arrhythmia substrate. Not only do the above mentioned confounders
question the direct relationship between low voltage and scar tissue, they also
give rise to considerable doubts regarding the direct link between low voltage
and the arrhythmogenic substrate. Insight could and should be enhanced by using
unipolar catheters or small bipolar catheters with very close interelectrode distance,
a standard wavefront of activation such as during pacing and adequate tissue
contact force.11 Future studies should be performed to elucidate which parameter(s)
can be used best to represent the arrhythmogenic substrate.
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Abstract
Pharmaco-therapeutic strategies of atrial ﬁbrillation (AF) are moderately effective
and do not prevent AF onset and progression. Therefore, there is an urgent
need to develop novel therapies. Previous studies revealed heat shock protein
(HSP)-inducing compounds to mitigate AF onset and progression. Such an HSP
inducing compound is L-glutamine. In the current study we investigate the effect of
L-glutamine supplementation on serum HSP27 and HSP70 levels and metabolite
levels in patients with AF patients (n = 21). Hereto, HSP27 and HSP70 levels were
determined by ELISAs and metabolites with LC-mass spectrometry. HSP27 levels
signiﬁcantly decreased after 3-months of L-glutamine supplementation [540.39
(250.97–1315.63) to 380.69 (185.68–915.03), p = 0.004] and normalized to baseline
levels after 6-months of L-glutamine supplementation [634.96 (139.57–3103.61), p <
0.001]. For HSP70, levels decreased after 3-months of L-glutamine supplementation
[548.86 (31.50–1564.51) to 353.65 (110.58–752.50), p = 0.045] and remained low
after 6-months of L-glutamine supplementation [309.30 (118.29–1744.19), p = 0.517].
Patients with high HSP27 levels at baseline showed normalization of several
metabolites related to the carbohydrates, nucleotides, amino acids, vitamins and
cofactors metabolic pathways after 3-months L-glutamine supplementation. In
conclusion, L-glutamine supplementation reduces the serum levels of HSP27 and
HSP70 within 3-months and normalizes metabolite levels. This knowledge may
fuel future clinical studies on L-glutamine to improve cardioprotective effects that
may attenuate AF episodes.
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Introduction
Atrial ﬁbrillation (AF) is a progressive, age-related disease affecting worldwide
approximately 33.5 million individuals and is therefore regarded as one of
the cardiovascular epidemics of the 21th century.1 AF is associated with severe
complications such as thrombo-embolic events, impaired cognitive function and
even increased mortality.2
At present, treatment modalities for AF are only moderately effective and do not
prevent AF onset and progression from recurrent intermittent episodes to ﬁnally
permanent AF. Though invasive ablation therapy initially seemed promising in
early stage AF, up to 50% of the AF patients with more persistent types of AF have
recurrences within 1 year and require multiple procedures. 3 Pharmacological
therapy of AF is even less effective, and its usage is limited by severe and potentially
life-threatening side-effects. Main reason for AF therapy failure is that pharmacotherapeutic strategies are not directed at mechanistic root causes of AF, which drive
structural cardiomyocyte damage, mitochondrial dysfunction and consequently
electrical and contractile dysfunction of atrial cardiomyocytes.4, 5
Emerging research ﬁndings indicate that heat shock proteins (HSP) mitigate
AF onset and progression in experimental model systems for AF.6-9 Especially
HSP27 (small HSP) has shown promising protective effects against AF in-vitro.10
Importantly, patients with persistent AF reveal exhaustion of HSP27 and HSP70,
and not HSP40 and HSP90, atrial tissue levels when compared to control patients
in sinus rhythm. In line, pharmacological induction of HSP levels with HSP-inducing
compounds attenuated AF promotion in dog models for atrial tachypacing and
ischemia-induced AF.10, 11 Evidence reveals that L-glutamine, a semi-essential
amino acid, represents a potent inducer of intracellular HSP levels, which has been
progressively investigated in cardiovascular research. Clinical and experimental
studies have consistently presented increased intracellular expression of HSPs,
especially HSP27 and HSP70, after L-glutamine administration.12-14 Given the fact
that human body levels of L-glutamine are rapidly metabolized and in deﬁcit
under catabolic conditions15, L-glutamine supplementation resulted in attenuation
of experimental cellular injury and in prognostic amelioration of critically ill patients
diagnosed with sepsis, heart failure and patients undergoing cardiopulmonary
bypass surgery14, 16-19. In prior studies, it was shown that L-glutamine enhances
translocation of trimerized phosphorylated HSF1 from cytosol to the nucleus,
followed by increased DNA binding to heat shock elements in the promotor
sequence of hsp genes, thereby resulting in increased HSP expression.20 Increased
HSP expression promotes enhancement of contractile function and prevents loss of
cellular integrity during AF.9 In addition to a role in HSP expression, L-glutamine and
its metabolites are important in ATP, DNA and nucleotide formation, suppression
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of inﬂammation, attenuation of oxidative stress and apoptosis, and increased
blood ﬂuidity and ﬂow.21-25 Although the role of L-glutamine as an inducer of
HSP expression and protector against various diseases including ischemic heart
disease and heart failure has been recognized17, 18, its potential protective role in
AF progression has not been investigated.
Based on experimental and clinical pilot studies, we hypothesize that L-glutamine
suppletion alters blood-based HSP levels and improves the metabolic stage of
AF patients. In this pilot study, we therefore measured the effect of L-glutamine
on serum HSP levels, and studied the inﬂuence on serum metabolite levels in AF
patients. This knowledge may fuel future clinical studies on L-glutamine to attenuate
AF episodes.

Materials and methods
This prospective interventional trial was part of the Glutamine Suppletion Minimizes
the Atrial Fibrillation Burden (Glutaminimize AF) project, which was approved by
the local ethics committee in the Erasmus University Medical Center Rotterdam
(MEC-2017-524). Written informed consent was obtained from all patients.
Study population
Patients with diagnosed AF and frequent symptoms of AF episodes (≥ 1/week)
were recruited at the outpatient clinic of the Cardiology department. Patients with
diabetes mellitus or a soya, gluten or shellﬁsh allergy were excluded. Patients
were instructed to maintain their regular diet during the whole study. Patient
characteristics (e.g., age, medical history, cardiovascular risk factors, type of AF)
were obtained from the patient’s medical records.
Study design
Patients started with oral intake of the KABI® Glutamine sachets containing 10 g
of L-glutamine, twice daily (once in the morning, once in the evening) for a period
of six months. Patients were evaluated at a dedicated outpatient clinic at baseline
and at three and six months after start of L-glutamine intake (Figure 1). During those
visits, blood was drawn for testing of HSP levels and metabolomics.
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Figure 1 – Time course of the Glutaminimize AF project. At baseline, 3-month and 6-month follow-up all patients visited the outpatient clinic (green bar) for electrocardiography and blood
sampling (red bar). After one month, patients started with oral intake of the KABI® Glutamine
sachets containing 10 g of L-glutamine (orange bar), twice daily for a period of six months.

Data analysis: HSP measurements
Immediately after blood sample collection, serum was harvested from blood in BD
Vacutainer™ SST™ II Advance Tubes (Fisher Scientiﬁc) by centrifugation at 2000× g for
10 min at 4 °C and frozen in −80 °C until analysis of HSP27 and HSP70. For measurement
of serum HSP27 levels, samples were diluted six times and for HSP70 levels samples
were diluted twice in 1% BSA in PBS. The amount of HSP27 and HSP70 protein was
detected in triplicates using human HSP27 or HSP70 DuoSet® ELISA kits from R&D
Systems (Cat. no. DY1580 and DY1663, respectively) according to the manufacturer’s
instructions with minor adjustments (serum was incubated at 4 °C overnight, instead
of 2 h at room temperature). The HSP levels, as well as the difference in HSP27 or
HSP70 levels between follow-up moments, were the primary study parameters.
Data analysis: metabolomics
For a subanalysis, mass spectrometry was used to derive metabolite levels from
four pooled patients with the highest HSP27 levels and ﬁve pooled patients with the
lowest HSP27 levels at baseline. The metabolite levels of the same pooled patients
at 3-month follow-up were also obtained. Metabolite measurements from the
four mentioned pooled samples were used to determine the effect of L-glutamine
supplementation on various metabolites levels. Ratios were derived between
the pooled metabolites of high HSP27 at baseline and 3-months of L-glutamine
supplementation (high HSP: 3M/baseline), low HSP27 at baseline and 3-months
of L-glutamine supplementation (low HSP: 3M/baseline) and high HSP27 and low
HSP27 at baseline (baseline: low HSP/high HSP).
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Determination of metabolites was performed as previously described, with
minor adjustments.26 A 75 µL mixture of internal standards in water, as listed in
the Supplemental material, was added to each sample. Subsequently, 425 µL
water, 500 µL methanol and 1 mL chloroform were added to the same 2 mL
tube before thorough mixing and centrifugation for 10 min at 14,000 rpm. The top
layer, containing the polar phase, was transferred to a new 1.5 mL tube and dried
using a vacuum concentrator at 60 °C. Dried samples were reconstituted in 100 µL
methanol/water (6/4; v/v). Metabolites were analyzed using a Waters Acquity ultrahigh-performance liquid chromatography system coupled to a Bruker Impact II™
Ultra-High Resolution Qq-Time-Of-Flight mass spectrometer. Samples were kept
at 12 °C during analysis and 5 µL of each sample was injected. Chromatographic
separation was achieved using a Merck Millipore SeQuant ZIC-cHILIC column
(PEEK 100 × 2.1 mm, 3 µm particle size). Column temperature was held at 30 °C.
Mobile phase consisted of (A) 1:9 acetonitrile:water and (B) 9:1 acetonitrile:water,
both containing 5 mM ammonium acetate. Using a ﬂow rate of 0.25 mL/min, the LC
gradient consisted of: 100% B for 0–2 min, ramp to 0% B at 28 min, 0% B for 28–30
min, ramp to 100% B at 31 min, 100% B for 31–35 min. MS data were acquired using
negative and positive ionization in full scan mode over the range of m/z 50–1200.
Data were analyzed using Bruker TASQ software version 2.1.22.3. All reported
metabolite intensities were normalized to internal standards with comparable
retention times and response in the MS. Metabolite identiﬁcation has been based
on a combination of accurate mass, (relative) retention times and fragmentation
spectra, compared to the analysis of a library of standards.
Statistical analysis
Data was tested for normality. Normally distributed continuous variables were
expressed as mean ± SD, skewed continuous variables were expressed as median
(minimum-maximum) and categorical variables were expressed as numbers
(percentages). Depending on skewness of the data, a paired-samples T test or
Wilcoxon signed-rank test was used to compare HSP levels between each of
the three follow-up moments (i.e., baseline, 3-month and 6-month follow-up).
Bonferroni correction was applied for comparison of the three measurements; a
p-value of < 0.0167 (0.05/3) was considered statistically signiﬁcant. Correlations
between clinical variables were calculated using Pearson’s or Spearman’s
correlation coefficient, depending on skewness of the data. In general, a p-value
< 0.05 was considered statistically signiﬁcant. Metabolite ratios higher than 1.5 were
classiﬁed as increased, whereas ratios lower than 0.667 were classiﬁed decreased.
Metabolite ratios between 0.667 and 1.5 were classiﬁed as stable. All statistical
analyses were performed using R Statistical Software (RStudio, Inc., Boston, MA,
USA; version 1.0.153).
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Results
Study population
Clinical characteristics of all patients (n = 21, 16 male (76.2%), age 58.7 ± 10.5 years)
are presented in Table 1. Patients had a history of paroxysmal (n = 13, 61.9%),
persistent (n = 6, 28.6%) or longstanding persistent AF (n = 2, 9.5%). The far majority of
patients had a normal left ventricular function (n = 18, 85.7%). All patients completed
the 3-month follow-up (n = 21, 100%), whereas 20 patients (95.2%) completed the
6-month follow-up.
Table 1 – Patient characteristics
Number of patients

21

Male

16 (76.2)

Age (years)

58.7 ± 10.5

BMI

26.7 (22.0-36.3)

Type of AF
- Paroxysmal

13 (61.9)

- Persistent

6 (28.6)

- Longstanding persistent

2 (9.5)

Time since AF diagnosis (y)

1.8 (0.2-19.5)

Hypertension

6 (28.6)

Dyslipidemia

2 (9.5)

Left ventricular function
- Normal

18 (85.7)

- Mild impairment

3 (14.3)

Use of anti-arrhythmic drugs (at baseline)
- Class I

8 (38.1)

- Class II

6 (28.6)

- Class III

7 (33.3)

- Class IV

3 (14.3)

- Class V

1 (4.8)

13

Follow-up duration
- Completed 3-month follow-up

21 (100)

- Completed 6-month follow-up

20 (95.2)

Glutamine compliance
- Baseline to 3-month follow-up (n=20)

0.99 (0.77-1.00)

- 3-month to 6-month follow-up (n=19)

0.97 (0.61-1.00)

- Baseline to 6-month follow-up (n=20)

0.97 (0.69-1.00)

Reduced kidney function (n=17)

1 (5.9)

Reduced liver function (n=17)

0 (0)

Reduced thyroid function (n=17)

0 (0)

Values are presented as N (%) or median (min-max). BMI, body mass index.
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Effect of L-glutamine on HSP levels
Median HSP27 level at baseline was 540.39 and ranged from 250.97 to 1315.63.
As seen in Table 2 and Figure 2, levels of HSP27 signiﬁcantly decreased to 380.69
(185.68–915.03) after 3-months of L-glutamine supplementation (p = 0.004). After
6-months of L-glutamine supplementation, the level of HSP27 normalized to
baseline levels [634.96 (139.57–3103.61), p < 0.001]. For HSP70, the level at baseline
was 548.86 (31.50–1564.51) and decreased to 353.65 (110.58–752.50) after 3-months
of L-glutamine supplementation (p = 0.045). The HSP70 level remained low after
6-months of L-glutamine supplementation [309.30 (118.29–1744.19), p = 0.517]. There
were no signiﬁcant differences between the HSP27 and HSP70 levels at baseline
and after 6-months of L-glutamine use. Unfortunately, HSP70 levels of patient 8
(baseline, 3-month and 6-month follow-up), patient 14 (6-month follow-up) and
patient 15 (3-month follow-up) could not be determined due to poor quality of the
sample.
Table 2 – Serum levels of HSP27 and HSP70 at baseline (B), 3-month (3M) and 6-month (6M)
follow-up.
Study ID

AF type HSP27-B

HSP27-3M HSP27-6M HSP70-B HSP70-3M

HSP70-6M

1

L-PER

1315.63

489.79

821.92

751.86

230.31

245.39

2

L-PER

455.71

312.78

571.25

31.50

110.58

118.29

3

PAR

869.73

352.14

441.98

862.09

268.50

565.83

4

PAR

751.50

271.66

278.59

542.14

202.70

120.66

5

PAR

288.50

407.61

769.92

524.28

610.66

463.72

6

PAR

514.07

915.03

1150.48

258.42

353.65

304.15

7

PAR

250.97

516.21

501.01

352.67

555.83

500.92

8

PAR

463.89

319.85

1401.11

NA

NA

NA

9

PAR

1203.41

271.80

1078.15

1564.51

396.58

1027.39

10

PAR

485.48

356.38

-

211.71

752.50

-

11

PER

360.65

332.83

379.69

390.49

382.47

409.58

12

PER

706.81

528.21

3103.61

1149.16

705.89

1744.19

13

PER

423.98

380.69

421.96

365.78

574.18

878.51

14

PER

1305.84

364.30

698.66

555.57

312.52

NA

15

PAR

666.37

629.06

1044.07

1119.96

177.28

179.68

16

PAR

911.61

402.25

929.48

614.61

190.27

314.44

17

PAR

369.99

407.58

139.57

143.11

635.17

142.24

18

PER

550.98

409.01

758.89

735.83

328.16

1182.55

19

PAR

1102.87

394.93

483.66

880.77

304.32

135.65

20

PER

540.39

185.68

192.68

678.67

371.17

208.70

21

PAR

498.64

221.64

437.17

268.38

NA

225.46

median

-

540.39

380.69

634.96

548.86

353.65

309.30

min-max -

250.971315.63

185.68915.03

139.573103.61

31.501564.51

110.58752.50

118.291744.19

L-PER, longstanding persistent AF; NA, not available; PAR, paroxysmal AF; PER, persistent AF.
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Figure 2 – Effect of glutamine on HSP levels. A: levels of HSP27 per patient during the study
period. B: levels of HSP70 per patient during the study period. Statistical signiﬁcance is
indicated with an asterisk (*, p<0.0167).

The relation between (Δ)HSP27 and/or (Δ)HSP70 levels at baseline and after
3-months and 6-months of L-glutamine supplementation is illustrated in Figure
3. The level of HSP27 at baseline showed a strong negative correlation with
the ΔHSP27 from baseline to 3-months L-glutamine supplementation (R = 0.86, p < 0.001, upper left panel). Similarly, a strong negative correlation was
found between the level of HSP70 at baseline and the ΔHSP70 from baseline to
3-months L-glutamine supplementation (R = - 0.91, p < 0.001, lower left panel).
In addition, a strong positive correlation between the ΔHSP27 from 3-months to
6-months L-glutamine supplementation and the HSP27 at 6-month L-glutamine
supplementation was found (R = 0.88, p < 0.001, lower right panel). At baseline,
levels of HSP27 and HSP70 showed a signiﬁcant positive correlation (R = 0.7, p <
0.001, upper right panel).
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Figure 3 – Relation between (Δ) HSP27 and/or (Δ)HSP70 levels during the study period. A:
scatterplot with regression line for the relation between HSP27 at baseline and the ΔHSP27
from baseline to 3-month follow-up. The corresponding correlation coefficient and statistical
signiﬁcance are indicated in the graph. B: correlogram with correlation coefficients for all
possible relations between (Δ) HSP27 and/or (Δ) HSP70. Signiﬁcant correlations (p < 0.05)
are colored with either blue (positive correlation) or red (negative correlation). Variables with
a strong correlation (−0.8 < R > 0.8) are visualized in the other panels. C: scatterplot with
regression line for the relation between HSP70 at baseline and the ΔHSP70 from baseline
to 3-month follow-up. D: scatterplot with regression line for the relation between ΔHSP27
from 3-month to 6-month follow-up and HSP27 at 6-month follow-up.

Relation between HSP levels and patient characteristics
Levels of HSP27 and HSP70 did not differ between patients with paroxysmal or
(longstanding) persistent AF, as illustrated in Figure 4. In addition, no statistical
difference was found in HSP27 and HSP70 levels between male and female
patients, and HSP27 and HSP70 levels did not correlate with L-glutamine
compliance nor with age.
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Figure 4 – HSP levels for paroxysmal and (longstanding) persistent AF patients. A: boxplots
of HSP27 levels for paroxysmal and (longstanding) persistent AF patients separately during
the study period. B: boxplots of HSP70 levels for paroxysmal and (longstanding) persistent
AF patients separately during the study period.

Relation between HSP27 and energy metabolism
A positive correlation between HSP27 and HSP70 levels at baseline was observed.
Given the highly signiﬁcant reduction of HSP27 during 3-months of L-glutamine
supplementation, further metabolite analysis was performed based on HSP27
levels. Hereto, the effect of 3-months L-glutamine supplementation on metabolite
levels from patients showing high HSP27 levels was contrasted to low HSP27 levels
at baseline. Mass spectrometry was utilized in pooled serum samples, as described
in the Methods.
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In total 83 metabolites were identiﬁed in the four groups. The derived ratios between
the groups are listed in Supplemental table 1. A heat map and dendrogram
generated from the absolute metabolite levels showed that the group with high
HSP at baseline is distinct from the other three groups, suggesting that high HSP
levels at baseline represent a different metabolic phenotype compared to low HSP
levels at baseline and after 3-months of L-glutamine supplementation (Figure 5).

Figure 5 – HSP level and L-glutamine supplementation affects metabolic phenotypes. A:
heat map of the absolute levels of all 83 metabolites for high HSP: baseline, high HSP:
3-month follow-up (3M), low HSP: baseline and low HSP: 3M. The pooled group high HSP at
baseline is distinct from the other groups. B: dendrogram showing the hierarchical clustering
using the Euclidean distance with average linkage for all four groups.

Based on the ratios (i.e., high HSP: 3M/baseline, low HSP: 3M/baseline, baseline:
low HSP/high HSP), metabolites were clustered, as listed in Table 3. In total, 55.4%
of metabolite levels were comparable between the four groups. In high HSP levels
at baseline, seven metabolites (8.43%) showed normalization after 3- months
L-glutamine supplementation and were comparable to low HSP levels at baseline
and 3- months of L-glutamine supplementation. For both high and low HSP at
baseline, two metabolites (2.4%) showed a simultaneous increase (ratios >1.5)
and one metabolite (1.2%) showed simultaneous decrease (ratios <0.667) after 3months L-glutamine supplementation. The remaining metabolites, 31.3%, did show
level changes in ratios (<0.667 or >1.5), which could partly explain the hierarchical
clustering as observed in Figure 5.
By contrasting the metabolic changes between the groups, key metabolites were
identiﬁed: ribose-5P, aspartate, beta-alanine, hypoxanthine, oxiglutathione,
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pyroglutamic acid, citric acid, creatine P, GDP and inosine (Figure 6). In
Supplemental table 2, all human pathways and global pathways related to
these metabolites are listed. Findings indicate that 3-months L-glutamine
supplementation affect pathways related to carbohydrates, nucleotide, amino
acid and vitamin synthesis.

Figure 6 – Metabolite ratios of high HSP: 3M/baseline, low HSP: 3M/baseline and baseline:
low HSP/high HSP, grouped on behavior. Inosine showed simultaneous decrease (ratio
<0.667), whereas Creatine-P and GDP showed simultaneous increase (ratio >1.5) in both
high HSP: 3M/baseline and low HSP: 3M/baseline, representing the effect of L-glutamine
supplementation on both. Seven metabolites (8.43%) showed a normalization behavior, in
which high HSP: 3M/baseline shows a normalization (either increase or decrease) towards
stable levels of low HSP: 3M/baseline.
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>1.5
>1.5
Stable

Stable
Stable
Stable

Stable
<0.667
Stable

Stable
>1.5
>1.5
<0.667
>1.5
Stable
Stable
<0.667
>1.5
<0.667
>1.5
Stable

>1.5
>1.5
<0.667
<0.667
<0.667
Stable
Stable
Stable
Stable
Stable
<0.667
<0.667

>1.5
>1.5
>1.5
<0.667
<0.667
<0.667
>1.5
>1.5
Stable
Stable
Stable
Stable

Metabolites
Ribose-5P, Aspartate, beta-Alanine, Hypoxanthine, Oxiglutathione,
Pyroglutamic acid
Citric Acid
Creatine P
GDP
Inosine
Sedoheptulose-7P, Fumarate, CMP, 3-phosphoglyceric acid
3- and 4-hydroxybenzoic acid
Gluconate-6P
dAMP
Allantoin, Malate
Coenzyme A, Hippuric acid
Uracil, UDP-HexNac, 2-phosphoglyceric acid, Adenine, Glycerol-3P
Xanthine, Phosphorylethanolanine, Aminoadicpic acid, Glucose 6P,
Glutathione, Ribose
Creatine, Guanosine
AMP, GMP, Mesaconic acid
2-aminoisobutyric acid, 2-dehydrogluconate, 2-hydroxyglutarate,
Alanine, Alpha, Ketoglutarate, Arginine, Asparagine, Citrulline,
Creatinine, Cysteine, Cystine, FAICAR, Gluconate, Glucose, Glutamate,
Glutamine, Glyceraldehyde-3P, Glycerate, Glycerol-2P, Hexose-P,
Hydroxyphenyllactic acid, Isoleucine, Kynurenic acid, Kynurenine,
Lactate, Leucine, Lysine, Malonic acid, Methionine, Ornithine, Orotic
acid, Pantothenic acid, Phenylalanine, Phosphoenolpyruvate, Proline,
Pyruvate, Serine, Succinate, Taurine, Threonine, Tryptophan, Tyrosine,
UMP, Uric acid, Uridine, Valine

55.4%

1.2%
31.32%

2.4%

Percentage
8.43%

Ratios between the pooled metabolites of high HSP27 at baseline and 3-month follow-up (high HSP: 3M/baseline), low HSP27 at baseline and 3-month
follow-up (low HSP: 3M/baseline) and high HSP27 and low HSP27 at baseline (baseline: low HSP/high HSP) are clustered on behavior. Ratios between
0.667 and 1.5 are classiﬁed as stable.

Stable

Decrease
Independent

Increase

Behavior
Normalization

Low HSP:
Baseline: low 3M/
HSP/high HSP baseline
<0.667
Stable

High HSP: 3M/
baseline
<0.667

Ratios

Table 3 – Clustering of metabolites sharing similar behavior.
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Discussion
Despite many innovative insights and interventions in recent years, still no curative
therapy for AF patients exists. Our pilot study is the ﬁrst to investigate the effect
of L-glutamine on HSP27 and HSP70 levels in serum samples of AF patients.
After 3-months of L-glutamine supplementation, the level of HSP27 and HSP70
signiﬁcantly decreased, and HSP27 normalized to baseline levels after 6-months of
L-glutamine supplementation. A strong correlation was found between the baseline
level of HSP27 or HSP70 and the degree of reduction at 3-months of L-glutamine
supplementation: patients with a higher baseline level of HSP27 or HSP70 revealed
a large reduction, whereas patients with a low HSP27 or HSP70 level at baseline
stayed low after 3-months supplementation. Analysis of metabolites revealed that
3-months of L-glutamine supplementation normalized the levels of metabolites
related to the synthesis of carbohydrates, nucleotides and amino acids, compared
to non-treated patients with high levels of HSP at baseline. These ﬁndings indicate
that 3-months L-glutamine supplementation reduces HSP27 and HSP70 levels
in serum samples which is accompanied with normalization of metabolites of
fundamental pathways within cell function.
Effect of L-glutamine on HSP and metabolite levels
Recent experimental studies by Brundel et al. showed that AF is associated with
structural damage in the cardiomyocyte due to derailment in proteostasis (i.e.,
protein expression, function and clearance), a process which could be normalized
by overexpression of HSP27.6, 7, 10, 27 Various HSPs, including the HSP27 and HSP70,
are involved in the protection against different forms of cellular stress by functioning
as intra-cellular chaperones for other proteins.6, 28 In cardiomyocytes, HSP27 can
bind to structural proteins and thereby shield them from damage and functional
loss.6, 9, 10 In accordance, upregulation of HSP27 in atrial tissue of dogs protected
cardiomyocytes from AF-induced cellular stress and as such contributed to the
maintenance of atrial tissue integrity and contractile function.6, 28 These ﬁndings
indicate that pharmacological induction of HSPs may be an interesting target
to treat AF. Previous studies by Gong and Jing, Hamiel et al. and Hayashi et al.
demonstrated L-glutamine to induce expression of HSPs in organs, including the
heart.12-14 The precise interaction between induced levels of HSPs in cardiac tissue
and its effect on HSP levels in serum is not fully known. Our data demonstrate
HSP27 and HSP70 to decrease from baseline to 3-months of L-glutamine
supplementation, followed by a partly increase from 3-months to 6-months of
L-glutamine supplementation. Although several studies have detected HSP27
and HSP70 in the extracellular milieu, there is still lack of consensus regarding the
exact mechanisms of transmembrane transport, as well as their role outside the
cell of origin.29 Given that HSP’s function of protein homeostasis belongs to the
intracellular space, L-glutamine administration may ﬁrstly increases intracellular
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levels of HSPs, thereby promoting enhancement of contractile function during AF.
This beneﬁcial state may prevent cellular disruption and subsequent pathological
release of HSP from the cardiomyocytes into the circulation as observed in the
period from baseline to 3-months. Further studies are necessary to reveal a
mechanistic understanding of the interaction between cardiomyocyte and serum
levels of HSPs after L-glutamine supplementation and the duration of the potential
beneﬁcial effect on HSP levels. Unfortunately, in the current study no atrial tissue
samples could be selected, and therefore the effect of L-glutamine on atrial tissue
and serum HSP levels could not be studied. Although previous studies indicate an
increase in HSPs in serum and tissue after L-glutamine administration30-33, very
few studies measured HSPs in human cardiac tissue, speciﬁcally atrial tissue, nor
performed long-term usage of L-glutamine.
Interestingly, patients with a higher HSP27 or HSP70 baseline level decreased more
in HSP level during 3-months of L-glutamine supplementation in comparison to
patients with a low HSP27 or HSP70 baseline level, which stayed low at 3-months
L-glutamine supplementation. In correspondence, our ﬁndings revealed
normalization of several metabolites to levels as observed in patients with low
HSP at baseline and over the course of 3-months L-glutamine supplementation.
This suggests a beneﬁcial effect of L-glutamine on these metabolites, which may
reveal an inﬂuence on carbohydrates, nucleotides, amino acids and cofactors and
vitamins metabolism. In addition, a simultaneous and parallel variation—increase
or decrease—in high HSP and low HSP throughout the 3-months of L-glutamine
supplementation was observed for metabolites related to amino acids and
nucleotide metabolism. These ﬁndings indicate that L-glutamine supplementation
reveals an inﬂuence on metabolic phenotypes, encouraging further research on
its inﬂuence on energy metabolic status in AF patients.
Study limitations and future perspectives
The small sample size of this prospective interventional pilot trial disables the
formulation of strong conclusions. Also, patients with paroxysmal as well as
(longstanding) persistent AF of varying age and co-morbidities participated in
this study, potentially leading to (unaccounted) differences in individual responses
to administration of L-glutamine. Nevertheless, a (signiﬁcant) reduction in HSP27
and HSP70 serum levels was observed after L-glutamine supplementation,
substantiating a possible effect of L-glutamine on HSP serum levels. Further
mechanistic investigation is warranted to elucidate the exact relation between
HSPs levels in atrial tissue and in blood. Therefore, it is of interest to mount a
future clinical study to test a beneﬁcial effect of L-glutamine on the reduction of
AF burden. Hereto, we recommend a large – ideally randomized controlled – trial
using continuous rhythm monitoring to determine the AF burden together with a
validated patient-observed-effect questionnaire, in order to gain insight into the
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(patient-speciﬁc) effects of L-glutamine on HSP levels and AF burden. In such a
trial, individual metabolomics analyses could be performed to reveal the metabolic
phenotype of each patient, allowing accurate correlation with clinical parameters
for AF progression.

Conclusions
Our study reveals that the level of HSP27 signiﬁcantly decreased after 3-months
of L-glutamine supplementation, and partly normalized to baseline levels after
6-months of L-glutamine supplementation. A strong correlation was found between
the baseline level of HSP27 or HSP70 and the amount of decrease at 3-months
of L-glutamine supplementation: patients with a higher baseline level of HSP27
or HSP70 decreased more, whereas patients with a low HSP27 or HSP70 level
remained low after 3-months supplementation. Analysis of metabolites revealed
that several metabolites related to carbohydrates, nucleotides, amino acids
vitamins metabolism pathway are normalized in patients with high level of HSP27
at baseline, indicating a potential beneﬁcial effect of L-glutamine on the metabolic
proﬁle. Next step is to mount a clinical trial in AF patients and study the effect of
L-glutamine on AF burden.
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Supplemental material
Internal standards for metabolomics
A 75 µL mixture of the following internal standards in water was used: adenosine15N5-monophosphate (100 µM), adenosine-15N5-triphosphate (1 mM), D4-alanine
(100 µM), D7-arginine (100 µM), D3-aspartic acid (100 µM), D3-carnitine (100 µM),
D4-citric acid (100 µM), 13C1-citrulline (100 µM), 13C6-fructose-1,6-diphosphate (100
µM), guanosine-15N5-monophosphate (100 µM), guanosine-15N5-triphosphate
(1 mM), 13C6-glucose (1 mM), 13C6-glucose-6-phosphate (100 µM), D3-glutamic
acid (100 µM), D5-glutamine (100 µM), 13C6-isoleucine (100 µM), D3-leucine (100
µM), D4-lysine (100 µM), D3-methionine (100 µM), D6-ornithine (100 µM), D5phenylalanine (100 µM), D7-proline (100 µM), 13C3-pyruvate (100 µM), D3-serine
(100 µM), D5-tryptophan (100 µM), D4-tyrosine (100 µM), D8-valine (100 µM).
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Alanine
Allantoin
Alpha-ketoglutarate
Aminoadipic acid
AMP
Arginine
Asparagine
Aspartate
beta-Alanine
Citric acid
Citrulline
CMP
Coenzyme A
Creatine
Creatine-P
Creatinine
Cysteine

707790,81
577707,25
1047807,62
59265,31
4863,07
1264341,62
1128355,62
1124820,12
300834,41
1132180,12
796071,19
472,36
2052,42
224660,03
5574,60
407434,75
479506,28

716595,75
418144,81
940000,81
82965,83
6237,84
1202491,38
1169169,62
1950403,00
489070,22
553016,31
784433,75
2983,49
1521,25
245893,25
2239,47
387146,94
381218,09

2-aminoisobutyric acid
2-dehydrogluconate
2-hydroxyglutarate
2-phosphoglyceric acid
3- and 4-hydroxybenzoic acid
3-phosphoglyceric acid
Adenine

Metabolites

Absolute values
High HSP:
High HSP:
baseline
3M
287781,75
277788,47
221990,38
231779,98
179094,73
184905,70
9926,70
8988,38
10833,38
7093,30
6537,20
1955,93
5423,51
6909,21
691113,69
325782,84
1086722,12
53330,67
25807,34
1447160,88
1191380,50
902401,25
241404,47
1209130,12
771386,75
1466,52
1927,21
390407,16
6194,40
415656,44
498019,75

Low HSP:
baseline
285416,84
263663,53
213122,48
5199,31
14676,67
1596,29
2816,32
696588,19
687823,25
1196047,88
52626,80
10240,82
1451369,12
1270973,12
863328,75
255252,84
1394095,38
802437,19
3696,88
919,93
299876,72
10863,28
478292,44
346933,97

Low HSP:
3M
214518,22
280698,09
230604,84
7997,68
10051,74
2724,92
4277,13
0,99
1,38
1,11
0,71
0,78
1,05
0,97
0,58
0,62
2,05
1,01
0,16
1,35
0,91
2,49
1,05
1,26

Ratios
High HSP:
3M/baseline
0,97
1,04
1,03
0,91
0,65
0,30
1,27
1,01
2,11
1,10
0,99
0,40
1,00
1,07
0,96
1,06
1,15
1,04
2,52
0,48
0,77
1,75
1,15
0,70

Low HSP:
3M/baseline
0,75
1,06
1,08
1,54
0,68
1,71
1,52
0,96
0,78
1,16
0,64
4,14
1,20
1,02
0,46
0,49
2,19
0,98
0,49
1,27
1,59
2,77
1,07
1,31

Baseline:
low HSP / high HSP
0,99
1,19
1,19
0,52
1,35
0,24
0,52

Supplemental table 1 – Pooled levels of 83 metabolites of the four groups; high HSP: baseline, high HSP: 3-month follow-up (3M), low HSP: baseline and
low HSP:3M, and the derived ratios; high HSP: 3M/baseline, low HPS: 3M/baseline and baseline: low HPS/high HSP.
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Cystine
dAMP
FAICAR
Fumarate
GDP
Gluconate
Gluconate-6P
Glucose
Glucose-6P
Glutamate
Glutamine
Glutathione
Glyceraldehyde-3P
Glycerate
Glycerol-2P
Glycerol-3P
GMP
Guanosine
Hexose-P
Hippuric acid
Hydroxyphenyllactic acid
Hypoxanthine
Inosine
Isoleucine
Kynurenic acid

Metabolites

Absolute values
High HSP:
High HSP:
baseline
3M
1505512,50
1754215,38
1276,62
2460,60
7713,72
9556,80
154782,72
99075,59
892,85
1712,25
1508107,75
1249584,62
9953,55
15665,16
15051773,00
15415444,00
48728,48
38391,93
3777537,75
3276630,00
7359593,50
7269876,00
273734,25
197898,98
17259,19
17093,24
2420490,50
1996610,88
23346,77
19750,82
109429,25
80145,04
6084,78
6083,10
27225,68
32666,48
55519,26
62733,46
5122954,00
5001819,50
391409,44
364428,97
4133240,75
1126731,00
3740350,25
359541,16
951234,81
862355,00
16246,47
15923,84

Supplemental table 1 – Continued

Low HSP:
baseline
1973982,12
1875,82
8597,92
84258,62
125,81
1022769,06
12618,45
17053558,00
27251,93
3258287,50
7231684,50
169461,56
11644,60
1919937,12
18253,38
55516,98
32880,94
46811,73
57668,94
4068981,75
316635,09
692743,75
1020823,44
725410,81
13601,25

Low HSP:
3M
1428263,25
925,48
9202,78
141831,33
261,81
1180698,50
11933,20
14473830,00
39509,27
2892569,75
7353338,50
136910,77
14950,53
1930657,25
24790,04
87604,36
17010,21
35511,89
60660,54
2557098,75
403702,75
721457,81
678759,94
758966,81
19662,87

Ratios
High HSP:
3M/baseline
1,17
1,93
1,24
0,64
1,92
0,83
1,57
1,02
0,79
0,87
0,99
0,72
0,99
0,82
0,85
0,73
1,00
1,20
1,13
0,98
0,93
0,27
0,10
0,91
0,98
Low HSP:
3M/baseline
0,72
0,49
1,07
1,68
2,08
1,15
0,95
0,85
1,45
0,89
1,02
0,81
1,28
1,01
1,36
1,58
0,52
0,76
1,05
0,63
1,27
1,04
0,66
1,05
1,45

Baseline:
low HSP / high HSP
1,31
1,47
1,11
0,54
0,14
0,68
1,27
1,13
0,56
0,86
0,98
0,62
0,67
0,79
0,78
0,51
5,40
1,72
1,04
0,79
0,81
0,17
0,27
0,76
0,84
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Kynurenine
Lactate
Leucine
Lysine
Malate
Malonic acid
Mesaconic acid
Methionine
Ornithine
Orotic acid
Oxiglutathione
Pantothenic acid
Phenylalanine
Phosphoenolpyruvate
Phosphorylethanolamine
Proline
Pyroglutamic acid
Pyruvate
Ribose
Ribose-5P
Sedoheptulose-7P
Serine
Succinate
Taurine
Threonine

Metabolites

Absolute values
High HSP:
High HSP:
baseline
3M
14726,31
11901,50
1753591,50
1876363,75
499256,72
437421,78
1479301,25
1461074,00
109803,13
134011,34
584030,38
667470,81
204886,19
235236,62
1032750,94
824053,00
1145510,88
1045397,81
31423,60
25836,63
6445,94
4046,31
28282,16
22077,56
432958,88
348660,59
72120,92
88755,93
28125,24
27514,03
694712,12
590366,69
3732751,25
2007733,75
3090132,75
3607122,00
78844,84
69713,19
67586,32
13006,05
9813,83
2893,79
2069198,12
1662040,88
547055,50
496645,81
7920577,00
6883827,00
3028374,75
2603921,50

Supplemental table 1 – Continued

Low HSP:
baseline
12381,64
1455605,00
359404,44
1580014,50
137286,62
785184,00
414397,53
1030812,00
961652,12
28049,31
2806,63
21334,92
356347,62
81087,99
18592,93
660961,19
2020519,00
2798369,00
41277,18
13230,18
2653,62
1715682,88
498179,00
7242785,00
3203242,75

Low HSP:
3M
16343,15
1610763,62
384554,25
1528886,38
225086,86
749892,31
262510,47
943850,38
1025651,00
28791,13
3108,22
25665,18
386391,44
87339,29
26249,35
703327,31
1925066,12
2582617,00
42491,13
16366,28
5372,14
1721282,50
611279,25
7073309,50
2857039,75

Ratios
High HSP:
3M/baseline
0,81
1,07
0,88
0,99
1,22
1,14
1,15
0,80
0,91
0,82
0,63
0,78
0,81
1,23
0,98
0,85
0,54
1,17
0,88
0,19
0,29
0,80
0,91
0,87
0,86
Low HSP:
3M/baseline
1,32
1,11
1,07
0,97
1,64
0,96
0,63
0,92
1,07
1,03
1,11
1,20
1,08
1,08
1,41
1,06
0,95
0,92
1,03
1,24
2,02
1,00
1,23
0,98
0,89

Baseline:
low HSP / high HSP
0,84
0,83
0,72
1,07
1,25
1,34
2,02
1,00
0,84
0,89
0,44
0,75
0,82
1,12
0,66
0,95
0,54
0,91
0,52
0,20
0,27
0,83
0,91
0,91
1,06
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Tryptophan
Tyrosine
UDP-HexNac
UMP
Uracil
Uric acid
Uridine
Valine
Xanthine

Metabolites

Absolute values
High HSP:
High HSP:
baseline
3M
239878,62
209133,36
2083736,50
1488541,62
4607,83
3300,96
81202,38
89027,72
15774,99
16091,43
16063145,00
16035150,00
797953,38
945954,81
2501336,00
2417852,25
2970335,25
2135401,50

Supplemental table 1 – Continued

Low HSP:
baseline
230502,98
1578549,38
804,66
96067,88
8874,64
17161386,00
790121,38
2203344,75
1363402,38

Low HSP:
3M
231175,75
1490897,12
1873,41
101030,18
18312,55
15726882,00
788372,06
2174082,25
1407568,75

Ratios
High HSP:
3M/baseline
0,87
0,71
0,72
1,10
1,02
1,00
1,19
0,97
0,72
Low HSP:
3M/baseline
1,00
0,94
2,33
1,05
2,06
0,92
1,00
0,99
1,03

Baseline:
low HSP / high HSP
0,96
0,76
0,17
1,18
0,56
1,07
0,99
0,88
0,46
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Metabolites

Human pathways
Pentose phosphate pathway
Purine metabolism
Ribose 5P
Carbon metabolism
Biosynthesis of amino acids
Alanine, aspartate and glutamate metabolism
Arginine biosynthesis
Biosynthesis of amino acids
beta-Alanine metabolism
Aspartate
Pantothenate and CoA biosynthesis
Carbon metabolism
2-Oxocarboxylic acid metabolism
Histidine metabolism
beta-Alanine metabolism
Normalization
Histidine metabolism
beta-Alanine
Pantothenate and CoA biosynthesis
Pyrimidine metabolism
Propanoate metabolism
Hypoxanthine
Purine metabolism
Oxiglutathione
Glutathione metabolism
Pyroglutamic acid Glutathione metabolism
Citrate cycle (TCA cycle)
2-Oxocarboxylic acid metabolism
Glyoxylate and dicarboxylate metabolism
Citric acid
Biosynthesis of amino acids
Alanine, aspartate and glutamate metabolism
Carbon metabolism
Creatine P
Arginine and proline metabolism
Increase
GDP
Purine metabolism
Decrease
Inosine
Purine metabolism

Behavior

x

x
x
x

x

x

x

x

x
x

x

x

x

x

x

x
x

x
x

x
x
x

x
x
x
x
x

Global metabolism pathways
Carbo-hydrates Nucleotides Amino acids

x

x

Vitamins &
cofactors

Supplemental table 2 – Human pathways of metabolites which show an association between HSP and metabolic energy levels. In addition, the global
metabolism pathway which the human pathway corresponds with is denoted (x).
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Chapter 14

The growing epidemic of atrial ﬁbrillation (AF) should be called to halt rather
earlier than later. As delineated in Chapter 1, current treatment modalities cannot
yet compete with the intricate, multifactorial and patient-speciﬁc milieu initiating
and persisting AF. In order to improve future patient outcomes, it is of prime
importance to gain better insight into the processes underlying pathophysiology
of AF. On the one hand, high-resolution mapping can be used to unravel and
quantify electrophysiological abnormalities underlying AF. By ﬁrstly investigating
characteristics during SR, high-resolution mapping can aid in (re)deﬁning what
is ‘normal’ (e.g. physiological conduction). Consequently, the arrhythmogenic
substrate that underlies AF initiation and persistence can be uncovered using AF
mapping. On the other hand, identifying biological markers of AF remodeling
is of relevance, as therapeutic strategies could potentially be directed at these
(ongoing) processes. In this thesis, new insights into both electrical and biological
characteristics of AF have been introduced, which are discussed and put into
perspective in the current chapter.
Electrophysiological mechanisms contributing to pathogenesis of AF: taking a
closer look
Cardiac action potentials form the basis of electrical activation of cardiomyocytes
and electrical conduction in the human heart. Action potentials are caused
by changes in membrane currents, of which the most prominent are the Ca2+,
Na+ and K+ current. In pacemaker cells (i.e. the sinoatrial and atrioventricular
node), depolarization is primarily caused by rapid inﬂux of Ca2+ ions due to
activation of the L-type Ca2+ channels. Activation of Na+ channels predominantly
facilitates depolarization in non-pacemaker cells, such as atrial and ventricular
cardiomyocytes. As the membrane potential becomes more positive, Ca2+ and Na+
channels are inactivated and cannot be opened, regardless of the strength of an
arriving stimulus (absolute refractory period). All cardiomyocytes are repolarized
due to the outward K+ current, which slowly makes the membrane potential more
negative and reset the Ca2+ and Na+ channels. It is possible to initiate a new
action potential during this relative refractory period, yet a stronger stimulus than
normal is required. Action potentials transfer from one cell to the neighboring
cell by gap junctions, facilitating conduction. These intercellular connections are
densely arranged longitudinally, connecting end-to-end, whereas sparse junctions
connect in the transverse, side-to-side, direction.1 Together with the elongated
parallel arrangement of atrial cardiomyocytes, this promotes action potentials to
conduct in the longitudinal direction, leading to a higher conduction velocity (CV)
along this axis.1, 2 Conceptually, the minimal activating current or charge that is
necessary to sustain action potential propagation is termed the safety factor for
cardiac conduction. It is generally assumed that the safety factor in the longitudinal
direction is lower than in the transverse direction. The direction-dependency
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of atrial conduction is called anisotropy. In 1988, Spach et al. demonstrated
longitudinal CV to reach 0.57m/s, whereas transverse CV is 0.12m/s.3

Figure 1 – Uniform and nonuniform anisotropy. Upper panel: propagation of action potentials
along cardiomyocytes is faster in the longitudinal than in the transverse direction, i.e. uniform anisotropy. Lower panel: decreased cellular coupling and proliferation of ﬁbroblasts due to remodeling of cardiac tissue causes nonuniform anisotropy and facilitates inhomogeneous conduction.

Though anisotropy is a physiologic characteristic of atrial tissue, AF-initiated
structural remodeling, such as decreased cell-to-cell coupling in combination with
formation of ﬁbrosis, facilitates nonuniform anisotropy (Figure 1).2, 4, 5 In 1994, Spach
et al. characterized nonuniform anisotropy by a ‘sparsity or the infrequent presence
of side-to-side electrical connections between cells and small groups of cells’.5
This spatial nonuniformity causes asymmetry in excitability, so that unidirectional
conduction block can occur in one pathway while conduction is maintained in a
second pathway, providing a stage for reentry to occur.5 Similarly, spatial dispersion
in refractory periods, decreased cellular coupling and deposition of (micro)ﬁbrosis
have been shown to facilitate inhomogeneous conduction and – consequently –
reentry.5 As asynchronous activation of cardiomyocytes results in morphological
alterations in extracellular electrograms, such as multiphasic fractionated
electrograms2, high-density mapping can aid in locating arrhythmogenic structural
discontinuities (Chapter 2).
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Analyzing electrogram morphology: what does it add?
The potential of especially unipolar electrogram morphology to reﬂect
underlying conduction processes has been distinguished for years. During
normal conduction, due to homogeneously activated cardiomyocytes, a single,
biphasic RS-wave is observed. In contrast, multiple positive and negative peaks
in the unipolar electrogram (i.e., fractionation) arise from action potentials in
(groups of) cardiomyocytes that are activated asynchronously.6, 7 Using highresolution unipolar mapping, such asynchronous activation can be uncovered
and localized. Corresponding with the fundamental studies of Spach et al. 2, 3,
Chapter 3 elucidated direction- and rate-dependent fractionation, reﬂecting
nonuniform anisotropy. Throughout sinus rhythm (SR) mapping, several premature
atrial complexes occurred and exposed highly irregular potentials with lowamplitude deﬂections and prolonged duration. Due to the short coupling interval,
the area at which the premature impulse arises is still partly refractory. This
induced multiple areas of local conduction block around which the activation
front slowly propagated, as visualized in the long duration potential with lowamplitude fractionation. We believe these potentials characterize slow conduction
8
, an important pathological mechanism in the initiation and perpetuation of AF.
Direction-dependent nonuniform anisotropy is provoked by the premature impulse
and leads to slow conduction, as previously described in bipolar recordings by
Jadidi et al. in the left atrium (LA).9 After SR recordings, programmed electrical
stimulation was performed. Increasing the pacing frequency resulted in similar
low-amplitude, fractionated atrial potentials with prolonged duration, again
reﬂecting discontinuous, slow conduction in underlying myocytes.10, 11 In this example,
rate-dependent nonuniform anisotropy is provoked with the increased pacing
rate, again leading to slow conduction. The underlying mechanisms of directiondependent and rate-dependent nonuniform anisotropy are however believed
to be distinct. Whereas premature stimulation provokes especially longitudinal
block with preserved transverse conduction, increasing the pacing rate causes an
increase in intercellular coupling resistance and decreases transverse conduction
exponentially.10, 12 These examples illustrate the unique capacity of high-resolution
unipolar mapping, yet also reveal its challenges, as morphological characteristics
within electrograms often represent intertwined underlying electrophysiological
and/or structural mechanisms, which cannot always be distinguished based on
electrogram morphology alone.
In addition to slow conduction, areas of wave collision, lines of block, pivot sites
and endo-epicardial dissociation have been identiﬁed as important contributors to
arrhythmogenesis and AF maintenance.8, 13, 14 Primarily experimental animal studies
have investigated the effects of conduction patterns – mostly slow conduction,
wave collision, lines of block and pivot sites – on morphology of unipolar 7, 15-17
and bipolar electrograms 6, 18, 19. In addition, computer model studies 20, 21 and
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bipolar measurements during atrial ﬂutter 22-25, atrial tachycardia 8 and ventricular
tachycardia 26, 27 have been performed. However, it was still largely unknown to what
extent these various conduction patterns contribute to the temporal and spatial
variations in electrogram morphology as observed during AF. In 1977, Konings et
al. ﬁrstly studied this and described morphological characteristics of rapid uniform
conduction, wave collision, conduction block, pivot sites and slow conduction during
induced AF (as illustrated in Figure 2), as well as during SR and atrial pacing.13

Figure 2 – Unipolar electrogram morphology during different activation patterns. Long
duration, low-amplitude fractionated potentials are primarily found at areas of slow conduction. At the borders of slow conduction zones, normal (single) potentials have also been
observed. Short-double potentials mainly appear in the vicinity of colliding waves, whereas
long-double potentials with an iso-electric interval characterize conduction block and reﬂect
asynchronous activation of tissue at both sides of the blocked area. Fragmented potentials
with long duration, but normal amplitude, are found at pivoting points (star). In the friction
area of a pivot site (dashed line), fragmented potentials with long duration and low-amplitude deﬂections can be observed. Based on ﬁndings of Konings et al.13

Using a 244-unipolar electrode array, the epicardial surface of the right atrium
(RA) was mapped in 25 Wolff-Parkinson-White patients undergoing cardiac
surgery. During induced AF, 77±12% of potentials were single, 7±3% short-doubles
(two deﬂections, <10 ms apart), 10±7% long-doubles (two deﬂections, 10-50 ms
apart) and 6±4% fragmented (>2 deﬂections within 50 ms). Of all electrograms,
79±11% were recorded at sites showing rapid uniform conduction, 3±2% during
wave collision, 15±8% during conduction block, 2±2% at areas of slow conduction,
and 2±1% at pivot sites. During wave collision, conduction block, slow conduction
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or pivoting, proportion of single potentials was only 22±13%, 14±7%, 33±27%, and
17±12%, respectively. In contrast, 94±4% of potentials were single during fast uniform
conduction. Further investigating the relation between activation patterns and
morphology of electrograms, Konings et al. found high sensitivity (0.95) and
speciﬁcity (0.84) of single potentials for rapid uniform conduction, with a positive
predicting value (PPV) of 0.96.13
Single potentials: simple or misunderstood?
Though most single potentials represent normal conduction, asymmetry of
unipolar single potentials has been linked to areas of wave collision and conduction
heterogeneity in computer studies. 21 In the clinical mapping study performed
in Chapter 6, (a)symmetry of unipolar single potentials was studied in patients
with mitral valve disease during SR. In general, amplitude of unipolar single
potentials was mainly determined by the amplitude of the S-wave. As wave
activation during SR generally originates from the sinoatrial node in the upper
RA, monophasic S-waves were preliminary found there, evolving to biphasic RSwaves when the wavefront propagates away from the excitation site in the lower
RA and Bachmann’s Bundle (BB). In turn, R-wave predominance was found in
the pulmonary veins (PVs) and the left atrium (LA), corresponding with wavefront
collision and termination13, 21, 28-30. The PVs and the roof of the LA are also known
to have heterogeneity in myocardial cell size, ﬁber orientation and cell-to-cell
coupling, promoting nonuniform anisotropic, discontinuous conduction leading to
wave collisions.6, 31 Even though Spach et al. observed single monophasic R-waves
at the exact site of wave collision in thin in vitro preparations17, recordings performed
in intact hearts exhibited biphasic potentials with R-wave predominance13, 30,
probably due to depolarization waves propagating in deeper layers of the atrial
wall generating the far-ﬁeld negative part of the biphasic potential. In addition,
decreased unipolar single potential amplitudes in combination with a decreased
conduction velocity (CV) were found in patients in patients with a history of
paroxysmal AF (PAF) compared to patients without a history of AF (Chapter 6),
especially in BB. Whereas areas of fast, normal conduction along the longitudinal
axis of myocardial ﬁbers would be characterized by high amplitude RS-waves,
these lower amplitude single potentials can be observed in areas with colliding
waves and slow conduction, due to the loss of primarily S-wave amplitude.32
Patients with PAF are prone to structural and electrophysiological remodeling,
increasing susceptibility to altered wavefront conduction. So, whereas the typical
biphasic RS-wave evidently represents normal, fast conduction, asymmetrical
single potentials can reﬂect sites of wavefront collisions in unipolar recordings.
Double potentials: double the trouble?
Single potentials at the exact sites of collision (22±13%) were ﬂanked by short-double
potentials (65±15%) in the study of Konings et al.13 Short-double potentials were most
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present during wave collision, yet PPV only yielded 0.33, as short-doubles were also
rather frequently observed during conduction block (15±6%). Most common in areas
of conduction block were long-double potentials (71±8%), showing a sensitivity of
0.75, speciﬁcity of 0.99 and PPV of 0.84. The two distinct deﬂections within the longdouble potential represent depolarization of myocytes at both sides of the intraatrial blockade. Wavefront collision is the most frequently observed phenomenon
underlying fractionation during SR9, pacing9, atrial tachycardia8, and is often
functional and passive in nature. Even though it is hypothesized that collisions can
ease initiation of AF, it is unlikely that areas of wavefront collision play a critical role
in maintenance of AF33, 34. Arcs of intra-atrial conduction block are theorized to be
more important, considering that they facilitate re-entry and initiate AF, while also
promoting separation of wavelets and inhomogeneous conduction maintaining
AF.13 In transitioning from organized to fractionated potentials during (induced)
AF, Atienza and colleagues showed increased presence of functional block and
slow conduction35, indicating an important role for these abnormal conduction
patterns. Though Frontera et al. did not deﬁne bipolar long-double potentials as
fractionation8, we do believe unipolar long-doubles (partly) reﬂect functional lines
of local intra-atrial blockades.
Increased morphology complexity: depiction of the arrhythmogenic substrate?
In general, there is consensus that the higher the complexity of fractionation,
the more deteriorated underlying atrial conduction properties are. Highest
percentages of fractionation were found during slow conduction and pivoting of
AF waves (58±21% and 80±10%, respectively).13 In these areas, severely fragmented
potentials with long-duration were observed. Sensitivity and speciﬁcity of such
potentials was 0.61 and 0.98 for slow conduction, and 0.85 and 0.99 for pivot
sites, respectively.13 When combined, the PPV of fragmented potentials for slow
conduction or pivot sites was 0.87. Importantly, Konings et al. concluded that in the
absence of a fragmented electrogram, the chance of slow conduction or pivot sites
is practically zero. Areas of slow conduction progressively shorten the wavelength
of meandering AF waves, thereby increasing complexity, and thus persistence, of
AF.13 Pivot sites are also believed vital during AF, as non-pivoting waves will die out
at the boundaries of the atria.13 However, whereas slow conduction is believed to be
of structural nature, pivoting is considered more functional, facilitated by anisotropy
and wavefront curvature.8, 36 As such, it is hypothesized that slow conduction plays
a more crucial role in maintaining the arrhythmia.8
As the electrogram represents the summation of extracellular currents, the different
components of fractionated electrograms represent disparate activation of
(adjacent) cardiomyocytes.6 Where one would expect a prolonged, yet smooth,
low-amplitude biphasic potential during homogeneous slow conduction, the
fractionated component within the observed potentials suggests slow activation
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in combination with inhomogeneities.6 Such inhomogeneities include localized
increases in intra- or extracellular resistance, abrupt changes in cell size or
surface-to-volume ratios, alterations in cell-to-cell coupling, abrupt cell branching
and (micro)ﬁbrosis, as discussed in Chapter 1.6, 11, 36 Particularly fractionated
potentials with long-duration and low-voltage deﬂections are associated with
(inhomogeneous) slow conduction. During SR and pacing, Jadidi et al. showed
“dyssynchronous” activation around a zone of slow conduction to represent 24% of
fractionation.9 As described in Chapter 7, potentials in areas of slowed conduction
(local CV <28 cm/s) and conduction block (local conduction delay <18 cm/s) had
lower voltages than during normal conduction in SR. In addition, fractionated
potentials (>2 deﬂections), had signiﬁcantly lower amplitudes compared to single
potentials (2.05 [1.04 – 3.75] mV vs. 5.16 [2.85 – 8.01] mV, p<0.001) and a clear
inversely proportional relationship between unipolar voltage and the number of
additional deﬂections was observed. These observations in SR largely correspond
with those of Konings et al. during AF and Frontera et al. during AT.8, 13 In addition
to our ﬁndings, Frontera et al. objectiﬁed a signiﬁcant inverse relationship between
electrogram duration and voltage.8 Atrial potentials longer than 63 ms had a 0.99
sensitivity and speciﬁcity for identiﬁcation of pathological mechanisms, including
slow conduction and pivoting points.8 Though these analyses were performed in
bipolar recordings, duration of AF potentials is not expected to differ substantially
in unipolar recordings. Electrogram amplitude <0.3 mV showed a 0.88 speciﬁcity
and 0.97 sensitivity for identiﬁcation of pathological mechanisms. Despite these
promising numbers, slow conduction could not be distinguished based on
amplitude and duration of electrograms alone.8
(Re)deﬁning targets for ablative therapy
Considering the suboptimal success rates of pulmonary vein isolation (PVI) alone in
primarily non-paroxysmal AF patients37, it remains an ongoing challenge to ﬁnd the
adequate therapy for these patients. The discovery that especially low-amplitude
fractionated potentials with long-duration reﬂect critical conduction abnormalities
during AF has therefore led to the introduction of new, morphology-based targets
during ablative therapy. Several mapping systems developed automatic algorithms
to quantify electrogram morphology of bipolar recordings during ablation. The
pioneering study of Nademanee et al. ﬁrstly performed ablation of complex
fractionated atrial electrograms (CFAEs), using the automatic algorithm of CARTO
for its analyses.38 In this study, CFAEs were deﬁned as: 1) atrial electrograms that
have fractionated electrograms composed of two deﬂections or more, and/or
perturbation of the baseline with continuous deﬂection of a prolonged activation
complex over a 10-s recording period; 2) atrial electrograms with a very short
cycle length (≤120 ms) averaged over a 10-s recording period. Ablation of these
CFAEs resulted in termination of AF in 95% of patients, including 58 (longstanding)
persistent AF patients (success rate: 91%).38 Unfortunately, these extraordinary results
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could never be reproduced in randomized controlled trials, as listed in Table 1. Also,
PVI has been shown to signiﬁcantly reduce fractionation and prolong the AF cycle
length39, suggesting a non-primary, more passive role in AF for CFAEs. Considering
the mixed outcomes, in addition to the prolonged procedural time and increased
exposure to ﬂuoroscopy, CFAE ablation is nowadays only advised in patients in
whom other ablative therapies fail (i.e. recurrence of AF).40
Failure of current CFAE-guided ablative strategies could lie in the fact that not
all fractionated electrograms represent slow conduction, presumed to be crucial
in maintenance of AF, and vice-versa. In the search for a possible anatomic
predilection site for low-voltage and/or fractionated potentials, we studied regional
differences in voltages and fractionation in both patients with and without PAF
(Chapter 7). The highest percentage of fractionated potentials was found at BB
in both groups. This region also yielded the lowest potential voltages in patients
with PAF, whereas the PV area had the lowest amplitudes in the no AF group. Lowvoltage areas (<1.0 mV) were more frequently observed in BB in the PAF group
compared to the no AF group. Though these ﬁndings stress the intricate relation
between unipolar voltage and fractionation with arrhythmia-induced remodeling
(PAF), and indicate important regional differences, it remains difficult to ﬁnd clear
predilection sites. This was also objectiﬁed in Chapter 4, where we found preablation fractionation in high proportions (>60% of patients or electrograms) in
almost all regions of both atria. Though we do believe areas of slow conduction are
meaningful targets for ablation, identiﬁcation based on electrogram morphology
alone is not yet feasible. Atrial electrogram fractionation can have multiple causes
of both pathologic (e.g. slow conduction due to structural abnormalities) and
nonpathologic origin (e.g. wave collisions). Furthermore, several technical aspects
of ablative systems have been identiﬁed as inﬂuencers of signal morphology, such
as interelectrode spacing41, 42, distal electrode size43 and also ﬁlter settings (Chapter
5). The latter impacted not only the number of deﬂections (fractionation), but also
altered the deﬂection amplitude, potential duration (fractionation delay time)
and local activation time. In addition, as no uniform deﬁnition or methodology is
used for measuring fractionated electrograms44 (Chapter 4), identiﬁcation of true
pathologic fractionation is compromised. Targeting all areas with fractionation is
unnecessary and can even cause harm to the patient, as risk of iatrogenic atrial
tachyarrhythmia might increase due to extensive scarring of atrial tissue45.
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34
34
24
-

32
35
55
33
61

CFAE

48
48
35
50

PVI

Sample size

244

35

51

58

34

PVI +
CFAE
49
50
34
50

100%

0%

100%

0%

34%

100%
0%
0%
100%

PVI

-

-

-

0%

38%

0%
-

CFAE

Persistent AF

100%

0%

100%

0%

35%

PVI +
CFAE
100%
0%
0%
100%

1

1.4

1

1

1

1
1.3
1
1

Ablation
procedures
per patient

18

21±1

22±9

22.6±6.4

12

16±1
19±8
12
10±3

Follow-up
(months)

AF, atrial ﬁbrillation; AT, atrial tachycardia; CFAE, complex fractionated atrial electrograms; PVI, pulmonary vein isolation

Elayi et al. (2008)
Deisenhofer et al. (2008)
Di Biasi et al. (2009)
Oral et al. (2009)
Verma et al. (2010)
STAR-AF
Chen et al. (2011)
Dixit et al. (2011)
RASTA
Nürich et al. (2014)
Verma et al. (2014)
STAR-AF 2

Author (year)

Table 1 - Efficacy of (additional) complex fractionated atrial electrograms ablation

59%

88%

49%

77%

48%

-

-

-

38%

29%

49%

86%

29%

69%

74%

Freedom of AF/AT
PVI +
PVI
CFAE
CFAE
40% 61%
74%
83%
89% 23%
91%
38% 36%
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Existence of pre-ablation scarring, due to interstitial ﬁbrosis by AF-induced structural
remodeling, has been linked to ablation outcomes. Multiple studies have indicated
presence of low-voltage areas (LVAs), hypothesized to reﬂect ﬁbrosis and highlyremodeled tissue, to predict AF recurrence after PVI.46-52 As such, targeting of LVAs
has recently been introduced. Subsequent to CFAE ablation, this substrate-guided
ablation strategy is based on the concept of detecting abnormal atrial tissue that
is related to AF initiation and persistence. In general, LVAs are deﬁned as areas
with a bipolar voltage ≤0.5 mV. In paroxysmal AF patients with pre-existing LVAs,
ablation of these areas did not improve AF-recurrence-free survival in the recently
published randomized controlled trial of Masuda et al.52 In persistent AF patients, no
randomized controlled trial has been performed comparing PVI plus LVA ablation
with PVI alone. Without randomization, it has been shown that freedom from AT/AF
at 18 months after procedure improved with additional LVA ablation (72% PVI±LVA vs.
58% PVI, p=0.02, respectively) in patients with persistent AF.53 Importantly, mapping
of LVAs is based on the conception that low-voltage reﬂects scarred tissue and
thus arrhythmia substrate. Bipolar voltage, however, should be used with caution,
as it is inﬂuenced by numerous factors, including wavefront of activation, tissue
contact and characteristics of the recording catheter and mapping system (i.e.,
electrode size, interelectrode spacing, ﬁltering, mapping density and resolution).54,
55
Cut-off values for abnormal low-voltage in unipolar electrograms have not yet
been deﬁned, but could potentially further enhance voltage-guided ablation.
Endo-epicardial dissociation: new player in the ﬁeld
Usually, mapping of the atria is performed from either the endocardium or
epicardium, assuming that atrial conduction is mostly conﬁned to the twodimensional plane. However, structural and electrophysiological inhomogeneities
can facilitate dissociation of the endo- and epicardial layer, which was ﬁrstly
identiﬁed during AF in humans by de Groot and van der Does et al. in 2016 (Figure 3).14
The asynchronous activation of the endo- and epicardial layers provide opportunity
for ﬁbrillation waves to travel transmurally and thereby cause new breakthrough
waves on the opposite side of the wall. Incidence of endo-epicardial asynchrony
was shown to range between 0.9 to 55.9%, without preference for the endo- or
epicardial layer to be ﬁrstly activated.14 Furthermore, non-transmural conduction
block has recently been illustrated using simultaneous endo-epicardial mapping56,
indicating that arrhythmia-substrate is not limited to the two-dimensional plane.
Whether local endo-epicardial asynchrony (EEA) causes fractionated electrograms
was investigated in Chapter 8. In patients undergoing cardiac surgery, endo- and
epicardial unipolar electrograms were simultaneously recorded at the inferior-,
mid- and superior-RA during SR. Incidence of fractionation was comparable
between the endo- and epicardial layer at all locations (inferior-RA 17% vs. 15%,
mid-RA 22% vs. 21%, superior-RA 38% vs. 33%, p=NS for all, respectively). The vast
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majority of fractionated electrograms (95%) had deﬂections that corresponded with
local activation (i.e., deﬂection) in the surrounding tissue of the same or the opposite
layer. Of these electrograms, in 4% a matching local activation was present in the
opposite plane, corresponding with EEA (Δ≥15ms between layers) and 9% in the
same plane, corresponding with delayed, discontinuous activation (Δ≥12 ms) within
that layer. In 83% a matching local activation was present in both layers, whereas
in the remaining 5% of fractionated deﬂections no matching local activation was
found. This study elucidates that fractionated potentials during SR only represent
EEA in a limited percentage, whereas small conduction disorders within the same
plane are a more common cause of fractionation. Importantly, due to the relative
scarcity of inhomogeneous conduction, SR recordings generally exhibit less EEA
in comparison to premature stimulation and atrial arrhythmias.14, 30 The incidence
of EEA based fractionation is therefore expected to increase during AF. This study
furthermore shows that EEA-based fractionation can even be discovered when
measured from only one side of the atrial wall by relating unipolar electrogram
morphology to spatial patterns of activation.

¨

¨

¨

¨

Figure 3 – Endo-epicardial asynchrony and fractionated electrograms. Asynchronous activation of the epicardium and endocardium can be elucidated using unipolar electrograms.

In clinical practice, electrophysiological studies commonly record electrical activity
from the endocardial side. During these studies, bipolar recordings are often
preferred above unipolar recordings given their ability to reduce far-ﬁeld inﬂuence.57
However, bipolar measurements are susceptible to changes in interelectrode
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distance, electrode size and, most importantly, wavefront direction.57-59 As multiple
wavefronts collide and coincide during AF, bipolar recordings fail to identify and
represent these waves. Unipolar recordings can safely identify local activation
time during colliding and coinciding wavefronts, and reﬂect underlying conduction
processes better, which is why currently emerging ablative systems focus more on
unipolar measurements 60, 61. Whether unipolar or bipolar electrograms are better
suited for detection of fractionation-based EEA from only one side of the atrial
wall was discussed in Chapter 9. During SR (n=14), atrial extrasystoles (n=7) and
atrial pacing (n=1), EEA was studied in unipolar maps and derived bipolar maps
(bipolar-x and bipolar-y). Given its ability to remove far-ﬁeld inﬂuence, bipolar
recordings were hypothesized to not include EEA based fractionation. Nonetheless,
fractionation corresponding to EEA did appear on bipolar electrograms, indicating
the asynchronous activity was locally enough to observe. Unipolar recordings
yielded less noise and thus better signal-to-noise ratios, emphasizing superiority
of unipolar electrograms for mapping of AF than bipolar electrograms.
A short detour into postoperative AF: whom is at risk?
Postoperative AF (PoAF) is the most commonly encountered complication after
cardiac surgery, occurring in up to 44% of patients.62 Although considered a
transient and predominantly mild complication occurring especially in the early
recovery period after surgery, PoAF is associated with an increased risk of mortality
and morbidity, longer hospitalization and higher costs of post-operative care.6365
Advanced age, male gender, hypertension, diabetes and combined valvular
and coronary artery surgery have been consistently identiﬁed as predictors for
PoAF.65 In addition to these risk factors, obesity (body mass index (BMI) ≥ 30 kg/
m2) predisposed to a larger number of prolonged PoAF episodes in the ﬁrst ﬁve
postoperative days (Chapter 10). Obese patients showed a higher PoAF burden
(i.e., the ratio between total duration of all PoAF episodes and total recording
time), more frequent prolonged PoAF episodes (i.e., lasting more than one hour).
Prolonged episodes of PoAF have been associated with increased risk of stroke66.
Furthermore, a signiﬁcant relation between BMI and PoAF burden was objectiﬁed.
For both obese and non-obese patients, PoAF particularly occurred on the third
postoperative day and the majority of PoAF episodes lasted less than ﬁve minutes,
which has been described in previous literature.64 The precise interplay between
obesity, the arrhythmogenic substrate and initiation of PoAF are not fully understood,
but increased depositions of epicardial adipose tissue promoting interstitial ﬁbrosis
might play a role.67, 68 In addition, left atrial enlargement, inducing stretch-related
functional remodeling, can be a crucial mechanism underlying the relation
between (Po)AF and obesity.69-71 In patients with a bicuspid aortic valve (BAV), one
of the most common types of congenital heart disease, left atrial enlargement was
also found an important predictor of PoAF (Chapter 11). In contrast to the rather
ﬁxed effects of congenital abnormalities on left atrial dimensions, the effects of
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obesity are (partly) reversible with weight control71. As such, preventive lifestyle
measures before cardiac surgery could aid in reversing the pre-existing substrate
in these patients. Based on the strong association between complexity of surgery
and development of PoAF, however, we believe the AF substrate develops during
and after the surgery as well, e.g. due to surgery-related edema and inﬂammation
on short-term and development of ﬁbrosis and scar on the long-term. By
characterizing unipolar electrogram morphology and conduction abnormalities
with high-resolution epicardial mapping during cardiac surgery, but before
commencement to extra-corporeal circulation, the pre-existent atrial substrate
underlying PoAF can be uncovered. (van Schie and Starreveld et al., in preparation)
To elucidate surgery-related development of AF substrate, non-invasive
approaches that can quantify electropathological measures in the postoperative
period, such as body-surface mapping, should be developed further.
Biological mechanisms contributing to pathogenesis of AF: root cause or bystander?
Electro-anatomical remodeling, including left atrial dilatation, contractile dysfunction
and interstitial ﬁbrosis, has been widely recognized crucial in pathogenesis and
persistence of AF. Nevertheless, pharmaco-therapeutic strategies for AF are not yet
directed at potential drivers of these mechanisms, such as cardiomyocyte damage,
derailment of proteostasis and mitochondrial dysfunction.72 As cardiomyocytes are
highly sensitive to changes in the intra- and extracellular milieu, the AF-induced
cellular calcium overload causes cardiomyocyte stress, consequently inducing
derailment of proteostasis within weeks after AF onset. Proteostasis literally is
the homeostasis of proteins, maintaining the balanced cycle of protein synthesis,
protein translation, chaperone assisted protein folding and degradation of proteins.
Within the heart, heat shock proteins (HSPs) act as chaperones to ensure healthy
cardiomyocyte proteostasis during stressful conditions (i.e. AF), by assisting in the
refolding of unfolded proteins73, 74, preventing damage to contractile proteins75, 76
and attenuation of protein degradation77. HSPs protect cardiomyocytes against
AF-induced remodeling and, consequently, progression and persistence of AF.
Whereas HSPs immediately increase in response to acute stress, they eventually get
depleted during chronic stress, as shown in heart failure and non-paroxysmal AF
patients.75, 78 As such, compounds that could induce HSPs back to normal, healthy,
levels have great potential to restore proteostasis, and potentially reverse stressinduced structural remodeling.79 The semi-essential amino acid L-glutamine has
demonstrated ability to induce HSPs in organs, including the heart.80-82 In Chapter
13, we therefore investigated the effect of daily supplementation of the semiessential amino acid L-glutamine as a HSP-inducing compound in AF patients.
We found HSP27 and HSP70 serum levels to decrease in the ﬁrst three months of
L-glutamine supplementation, and HSP27 levels to normalize to baseline levels
after six months of L-glutamine supplementation. As the precise mechanisms of
transmembrane transport between the intracellular and extracellular milieu are
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not fully understood, we can only hypothesize about the interaction between HSP
levels in cardiomyocytes and serum. On the one hand, (1) high levels of HSPs in
cardiomyocytes could prevent cellular stress from occurring and thereby leak less
HSPs to the external milieu, leading to decreased levels of HSP in the blood, (2)
while on the other hand (too) high levels of HSPs in cardiomyocytes could cause
leakage of HSPs to the extracellular matrix and thereby increase HSP levels in
the serum. Patients with a higher HSP27 or HSP70 start level decreased more
in HPS level during three months of L-glutamine supplementation, which was
in correspondence with the normalization pattern we observed in metabolites
related to carbohydrates, nucleotides, amino acids and cofactors and vitamins.
Though uncertain about the precise interplay and protective effect, these ﬁndings
indicate an inﬂuence of L-glutamine on HSP levels and metabolic phenotypes, and
encourage further mechanistic studies on this topic.
Both cellular and blood-based biomarkers have great potential as therapeutic
targets for AF, but also for diagnostics and disease-progression prediction
(Chapter 12). Novel insights into the mechanisms facilitating development of the
arrhythmogenic substrate are warranted to fuel the search for non-invasive AFspeciﬁc biomarkers.

Future perspectives
Probably, the arrhythmogenic substrate of AF does not exist. Pathophysiology of
AF rather seems pluriform, sophisticated and patient-speciﬁc, which also calls
for highly individualized diagnostics, prognostics and, consequently, therapy.
Considerable steps still have to be made to enhance our understanding of AF,
ultimately going from research to renewed practice. Translational research is key
to identify the different components contributing to pathogenesis and maintenance
of AF. On the one hand, studies focusing on biological processes such as (loss of)
proteostasis are necessary, while on the other hand, high-resolution epicardial
mapping studies should be performed to uncover electrical processes. During
these mapping studies, it is of prime importance to discard any technical inﬂuence
on signal morphology. As such, uniform mapping settings should be deﬁned
and used clinically, in order to increase comparability and compatibility, which
could strengthen identiﬁcation of new morphology-based targets. To improve
discrimination of pathological and physiological processes, a combination of
imaging (e.g. high frame rate echocardiography) and high-resolution mapping
could be examined. Furthermore, technical innovations are necessary to go from
the golden standard of invasive high-resolution epicardial mapping to highresolution mapping with a minimal invasive character, for example using newly
established endocardial catheters or body surface mapping.
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Chapter 15

The pathophysiology of atrial ﬁbrillation (AF) – the most common cardiac
arrhythmia worldwide – remains insufficiently understood. As a general introduction
to this thesis, Chapter 1 provides background information on the etiology of atrial
ﬁbrillation, therapeutic options and current extraordinary challenges. As the risk of
developing AF strongly increases with age and the presence of underlying heart
disease, the growing epidemic of AF should be called to halt rather than later. This
thesis aims to further characterize electrophysiological and structural alterations
underlying onset and persistence of AF in patients undergoing cardiac surgery, as
such mechanistic insights can aid in optimizing treatment strategies and enhance
outcomes for AF patients.
In Chapter 2 we outline our atrial ﬁbrillation ﬁngerprinting (AFFIP) project that
aims to exploit markers of both electrophysiological and structural remodelling
during AF. Intra-operative high-resolution mapping studies are performed to
identify the patient-speciﬁc electrical proﬁle, whereas the patient-speciﬁc biological
proﬁle is assessed by evaluating proteostasis markers in blood samples and atrial
appendage tissue samples. The ﬁndings will elucidate whether electrophysiological
and structural characteristics represent a novel diagnostic tool (the ‘AF ﬁngerprint’)
to predict onset and early progression of AF in cardiac surgery patients.

Electrical markers of atrial ﬁbrillation
In the ﬁrst part of this thesis, the focus lies on discovering electrical markers of AF.
The human case presented in Chapter 3 is the ﬁrst to illustrate morphological
manifestations of direction- and rate-dependent anisotropic conduction in highresolution unipolar atrial potentials. Premature impulses and an increased pacing
rate induced low-amplitude, fractionated potentials with exceptional prolongation
of potential duration, reﬂecting nonuniformity of anisotropic cardiac tissue. These
ﬁndings cohere with the hypothesis that unipolar potential morphology can aid
in identifying the substrate of AF. Speciﬁcally, pacing with different rates and from
different sites could be used to uncover remodeled and arrhythmogenic tissue.
The impact of atrial anatomy on electrogram (EGM) morphology is investigated
in Chapter 4, reviewing the pre-ablation distribution of fractionated electrograms
within the left and right atrium. High proportions of fractionated EGMs were found
within all regions of both atria, without a clear preference for speciﬁc sites. In
the left atrium (LA), 60.8% (48.5-72.5%) of all patients had fractionated EGMs and
55.4% (38.9-71.2%) of all EGMs were fractionated. In addition, no differences were
observed in fractionation proportions between paroxysmal AF (PAF) patients and
persistent AF patients in any of the LA regions. Our ﬁndings – summarizing all
studies performed on this topic – indicate that high occurrence rates of complex
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fractionated electrograms (CFEs) are not restricted to the interatrial septum,
pulmonary veins (PVs), LA roof and coronary sinus, but can be found abundantly
within all areas of both atria. Aside from fractionation due to artifacts, the
anatomic nature of atrial tissue itself seems an inherent hotspot for fractionation.
Simply targeting all fractionated electrograms would be very extensive, would
unnecessarily increase scarring of healthy atrial tissue and thereby increase the
risk of post-ablative iatrogenic atrial tachyarrhythmias. Although still used in clinical
practice, automated fractionation detection algorithms are unable to distinguish
“physiologic CFEs” from “pathologic CFEs”, with only the latter reﬂecting potential
targets for ablative therapy of AF.
In order to gain more insight into the “fact or artifact” of fractionated atrial
electrograms, the impact of ﬁltering on unipolar ﬁbrillation potentials was
investigated in Chapter 5. In total, 3000 seconds of AF recordings were analyzed,
containing 2,557,045 pulmonary vein ﬁbrillation potentials. High-pass ﬁltering
ranging from 0.5 to 100 Hz decreased the number of detected potentials, deﬂection
amplitude, percentage of double potentials (DPs) and complex fractionated
potentials (CFPs) as well as the fractionation delay time (FDT, interval ﬁrst to last
deﬂection) and increased percentage of single potentials (SPs) (all p<0.01). Lowpass ﬁltering ranging from 400 to 200 Hz decreased the number of potentials,
percentage of DPs and CFPs, whereas deﬂection amplitude, percentage of SPs
and FDT increased (all p<0.01). Notch ﬁltering at 50 Hz decreased the number of
potentials and deﬂection amplitude (both p<0.01), whereas the percentage of
CFPs increased (p=0.016). Notch ﬁltering did not impact percentage of SPs and
DPs, nor FDT (p=NS). In addition, ﬁltering induced the local activation time (LAT)
of ﬁbrillation potentials to shift, especially with more aggressive low-pass ﬁltering.
Although ﬁltering impacted LATs of all potential types (i.e. SPs, DPs and CFPs), more
complex and long fractionated potentials had a greater ΔLAT and shifted more
than potentials with simpler morphology. Thus, ﬁltering choices have signiﬁcant
impact on unipolar ﬁbrillation signal morphology. Attempts to correct for noise or
baseline drift can easily result in erroneous (under)detection of fractionation and/
or low-voltage areas and thus ablative targets during mapping. These results
stretch the importance of adequate (i.e. as minimal as possible) ﬁltering during
clinical mapping.
The morphology of unipolar single potentials (SPs), represented by the relative
positive (R-wave) and negative (S-wave) components, contains information on
intra-atrial conduction and possibly the substrate underlying AF. In Chapter 6 we
demonstrate a clear predominance of S-waves at Bachmann’s bundle (BB) and
the right atrium (RA) in both patients without and with a history of PAF (BB 88.8%
vs. 85.9%, RA: 92.1% vs. 85.1%, respectively). Potential voltages at the RA, BB and
the pulmonary vein area (PVA) were signiﬁcantly lower in the PAF group (p<0.001
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for each) and were mainly determined by the size of the S-waves amplitudes.
The largest difference in S-wave amplitudes was found at BB, where the S-wave
amplitude was lower in the PAF group (4.08 [2.45–6.13] mV vs. 2.94 [1.40–4.75]
mV; p<0.001). In addition, conduction velocity (CV) at BB was lower as well in PAF
patients (0.97 [0.70–1.21] m/s vs. 0.89 [0.62–1.16] m/s, p<0.001). Though excitation of
the atria during SR is heterogeneously disrupted, a history of AF is characterized by
decreased SP amplitudes at BB due to loss of S-wave amplitudes and decreased
CV. This suggests that SP morphology could provide additional information on
wavefront propagation.
Unipolar voltage mapping is increasingly used for guiding ablative therapy of AF as
unipolar electrograms – in contrary to bipolar electrograms – are independent of
electrode orientation and atrial wavefront direction. Chapter 7 illustrates individual,
high-resolution unipolar SR voltage ﬁngerprints in order to identify low voltage
areas and study the effect of AF episodes on unipolar voltages in patients with
mitral valve disease (MVD). A total of 600,722 potentials were analyzed out of
829 SR recordings of 5-seconds duration. There was no signiﬁcant correlation
between unipolar voltage and conduction velocity (CV), though smaller voltages
were recorded in areas of conduction slowing (<28cm/s; 1.74 [0.88–3.53] mV vs. 4.72
[2.46–7.61] mV, p<0.001), and in areas surrounding conduction block (<18cm/s; 1.22
[0.69–2.26] mV vs. 4.79 [2.55–7.65] mV, p<0.001) compared to areas with normal
conduction (≥28 cm/s). Fractionated potentials had lower voltages compared to
single potentials (2.05 [1.04–3.75] mV vs. 5.16 [2.85–8.01] mV, p<0.001) and a clear
decrease in unipolar voltage was found with a larger number of deﬂections (1:
5.16 [2.85–8.01] mV; 2: 2.20 [1.14–3.95] mV; 3: 1.21 [0.68–2.26] mV; ≥4: 0.94 [0.52-1.71]
mV, p<0.001 for all). Areas with low voltage potentials were present in all patients
and no predilection sites for low voltage potentials were found. Patients with PAF
had lower voltages at BB (no AF: 4.92 [3.45–6.09] mV, PAF: 2.95 [2.24–4.57] mV,
p=0.007) and a higher number of low voltage potentials (no AF: 2.13 [0.52–7.68] %,
PAF: 12.86 [3.18–23.59] %, p=0.001). In the no AF group, BB yielded a higher number
of fractionated potentials (19.58 [12.40–31.72] %) compared to the RA, PVA and LA.
As low unipolar voltages are even present in patients without a history of AF and
do not automatically indicate ‘diseased’ atrial tissue, they should carefully be used
as an indicator for ablative therapy.
Endo–epicardial asynchrony (EEA) and the interplay between the endocardial
and epicardial layers could be of great importance in the pathophysiology of
AF. Electrogram morphology is often used for the identiﬁcation of structural or
electrical remodeled areas with arrhythmogenic properties, yet morphologic
differences between epicardial and endocardial atrial electrograms were not
described. In the study described in Chapter 8, unipolar electrograms were
simultaneously recorded from the epicardium and endocardium at the RA during
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SR in 26 patients. A total of 102,129 potentials were analyzed in 16,954 electrograms,
including 50,714 potentials of 8,423 electrograms recorded at the epicardium and
51,415 potentials of 8,531 electrograms recorded at the endocardium. Especially
the superior RA was predisposed for delayed activation, EEA and fractionation.
Unipolar voltage decreased with more fractionated potentials at both the epi- and
endocardium. Both epicardial and endocardial electrograms demonstrated an
S-predominance, indicating that the RS-ratio cannot be used to identify the leading
layer during SR. Incidence of fractionated potentials (>1 deﬂection) demonstrated
an increasing trend from the inferior-RA (16%) towards the mid-RA (22%, p=0.136)
and was highest at the superior-RA (36%, p<0.001). Fractionation was mostly
similar between the two sides, yet the superior-RA demonstrated a trend towards
more fractionated potentials at the endocardium: 33 vs. 38% (p=0.09). Local epiendocardial differences in the number of detected deﬂections occurred in 6.6%.
EEA occurred at the inferior-RA in 12% of the patients, the mid-RA in 19% and the
superior-RA in 57% (p=0.001). The far majority of fractionated deﬂections (95%)
were attributable to remote activation, as a corresponding LAT was present in the
surrounding tissue of the same or opposite layer, of which 4% could be attributed
to EEA. So, if a potential is fractionated during SR, most additional deﬂections
can be explained by conduction disorders in the same or opposite layer and in a
small percentage they represent EEA. Particularly interesting, especially for clinical
practice, is the observation that the morphology of unipolar electrograms could
potentially be a tool to identify areas of EEA when electrograms are recorded on
only one side of the wall.
Although bipolar electrogram recordings are often preferred in electrophysiological
studies, unipolar electrograms may be better suited to detect EEA when recording
electrograms from only one side. In Chapter 9 we demonstrate that fractionation
corresponding to EEA is present in both unipolar and bipolar electrograms at
both the epi- and endocardium (epi: 75% vs 65% (bi-x) and 69% (bi-y), endo: 72%
vs 78% (bi-x) and 72% (bi-y)). Using the bipolar recording mode, signal-to-noise
ratio of EEA corresponding fractionation decreased (from 11 (6-25) to 4 (2-7) in
bi-y, p<0.001) and additional fractionation increased for electrograms recorded
at the endocardium (53% (10-86) to 82% (52-100) in bi-x, p=0.019). Therefore, better
signal-to-noise ratio of EEA corresponding fractionation and less additional
fractionation make unipolar electrograms better suited for detection of EEA based
on electrogram fractionation.
Early postoperative AF (EPoAF) is the most frequently encountered postoperative
complication after cardiac surgery. EPoAF does not only increase the length
and hence costs of hospitalization, but is also associated with poorer long-term
prognosis.1 Aiming to identify patients at risk of developing EPoAF, Chapter 10
describes characteristics of EPoAF in obese (BMI ≥30) and nonobese patients
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(BMI <30). Obesity predisposed to a larger number of prolonged atrial ﬁbrillation
episodes in the early postoperative period (ﬁrst ﬁve postoperative days) after
cardiac surgery for coronary artery disease or valvular heart disease. The higher
atrial ﬁbrillation burden (i.e. ratio between total duration of all AF episodes and total
recording time) in the early postoperative period occurred particularly on the third
day. Because the effects of obesity on the AF substrate are reversible with weight
control, preventive lifestyle before cardiac surgery may play an invaluable role.
A cohort of 154 bicuspid aortic valve (BAV) patients was investigated in Chapter 11
for EPoAF characteristics (e.g. incidence, duration, burden), as well as preoperative
risk factors (e.g. gender, age, BMI, history of AF) and long-term follow-up (e.g. AF
recurrence, survival). EPoAF occurred in 28% of BAV patients and had a burden of
13.2%, and signiﬁcantly reduced AF-free survival, yet not impacted overall survival.
EPoAF burden was signiﬁcantly correlated with median and longest EPoAF episode
duration (r=0.66 and r=0.89, respectively), and men had a higher overall burden
than women (p=0.03). Older age, left atrial enlargement and rethoracotomy were
independent risk factors for EPoAF. Rhythm monitoring during follow-up of BAV
patients with a high burden is recommended to detect AF-recurrences.

Biological markers of atrial ﬁbrillation
In the second part of this thesis, the focus is shifted towards biological markers
of AF. Even though mechanisms responsible for progression of AF are still of key
debate, atrial electro-anatomical remodeling (e.g. left atrial dilatation, atrial
interstitial ﬁbrosis or scarring) is a widely-recognized factor in the pathogenesis of
AF. Based on the conception that low bipolar voltage (≤0.5mV) implies presence of
scar tissue, and thus arrhythmia substrate, multiple studies have found a signiﬁcant
correlation between presence of low-voltage areas (LVA) and progression of AF.2
As detection of LVA is only possible periprocedural, Büttner et al. propose using
natriuretic peptides to phenotype AF progression and remodeling noninvasively.3
In Chapter 12 we comment on their valuable work. Biomarkers in the blood have
great potential to be included within the treatment chain of AF, since they are
relatively easy accessible and can be of great diagnostic and predictive value.
Unfortunately, the association between atrial natriuretic peptide and LA diameter
and LVA was found only weak to moderate, indicating that more larger studies
should be performed to validate the outcomes.
All current pharmaco-therapeutic strategies are not yet directed at mechanistic
root causes of AF that drive structural cardiomyocyte damage, mitochondrial
dysfunction and consequently electro-anatomical remodeling, and are thus not
able to prevent AF onset and progression. Emerging evidence indicate that heat
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shock proteins (HSP) mitigate AF onset and progression in experimental model
systems for AF. An HSP inducing compound is L-glutamine. The clinical pilot study
performed in Chapter 13 therefore investigated the effect of L-glutamine on cardioprotective heat shock proteins (HSPs) and metabolite levels in serum levels of
patients with AF (N=21). Hereto, HSP27 and HSP70 levels were determined by ELISAs
and metabolites with LC-mass spectrometry. HSP27 levels signiﬁcantly decreased
after 3-months of L-glutamine supplementation [540.39 (250.97-1315.63) to 380.69
(185.68-915.03), p=0.004] and normalized to baseline levels after 6-months of
L-glutamine supplementation [634.96 (139.57-3103.61), p<0.001]. For HSP70, levels
decreased after 3-months of L-glutamine supplementation [548.86 (31.50-1564.51)
to 353.65 (110.58-752.50), p=0.045] and remained low after 6-months of L-glutamine
supplementation [309.30 (118.29-1744.19), p=0.517). In contrast to patients with low
HSP27 levels at baseline, patients with high HSP27 levels showed normalization of
several metabolites related to the carbohydrates, nucleotides, amino acids, vitamins
and cofactors metabolic pathways after 3-months L-glutamine supplementation.
Though the small sample size of this prospective interventional pilot trial disables
the formulation of strong conclusions, L-glutamine supplementation reduces serum
levels of HSP27 and HSP70 within 3-months and normalizes metabolite levels in this
cohort. Therefore, it is of interest to mount a future, large and ideally randomized
controlled, clinical study to test a beneﬁcial effect of L-glutamine on the reduction
of AF episodes.
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De pathofysiologie van boezemﬁbrilleren (AF), de meest voorkomende
hartritmestoornis wereldwijd, blijft onvoldoende begrepen. Hoofdstuk 1 geeft
een algemene inleiding op dit proefschrift en beschrijft de etiologie van AF,
de therapeutische opties en de huidige uitdagingen. Aangezien het risico op
het ontwikkelen van AF sterk stijgt naarmate de leeftijd toeneemt en indien er
onderliggende hartaandoeningen aanwezig zijn, is het belangrijk om de groeiende
AF-epidemie zo snel mogelijk een halt toe te roepen. Dit proefschrift heeft als doel
om zowel elektrofysiologische als structurele veranderingen die ten grondslag liggen
aan het ontstaan van persistentie van AF te karakteriseren bij patiënten die een
openhartoperatie ondergaan. Deze inzichten kunnen helpen bij het optimaliseren
van behandelmethodes en het verbeteren van resultaten voor AF-patiënten.
In Hoofdstuk 2 beschrijven we ons AFFIP project, dat tot doel heeft markers van
zowel elektrofysiologische als structurele remodelling tijdens AF te ontrafelen. Intraoperatieve mapping met een hoge resolutie wordt uitgevoerd om het patiëntspeciﬁeke
elektrische proﬁel te identiﬁceren, terwijl het patiëntspeciﬁeke biologische proﬁel
wordt beoordeeld door proteostase-markers in bloed- en weefselmonsters te
evalueren. De bevindingen zullen uitwijzen of deze kenmerken een nieuw diagnostisch
hulpmiddel vormen (de ‘AF-vingerafdruk’) om zowel het ontstaan als progressie
van AF bij patiënten die een openhartoperatie ondergaan te voorspellen.

Elektrische markers van boezemﬁbrilleren
In het eerste deel van dit proefschrift ligt de focus op het ontdekken van elektrische
markers van AF. De casus die in Hoofdstuk 3 wordt gepresenteerd is de eerste die
de morfologische manifestaties illustreert van richting- en snelheidsafhankelijke
anisotrope geleiding in unipolaire atrial potentialen met een hoge resolutie.
Premature atriale slagen en een verhoogde pacingfrequentie veroorzaakten
gefractioneerde potentialen met een lage amplitude en een uitzonderlijke verlenging
van de potentiaalduur, wat een weerspiegeling geeft van de inhomogeniteit van
anisotroop hartweefsel. Deze bevindingen komen overeen met de hypothese dat
unipolaire potentiaalmorfologie kan helpen bij het identiﬁceren van het substraat
van AF. Pacing met verschillende snelheden en van verschillende locaties kan
worden gebruikt om geremodelleerd en aritmogeen weefsel te ontdekken.
De relatie tussen atriale anatomie en morfologie van electrogrammen is onderzocht
in Hoofdstuk 4, waarbij de verdeling van gefractioneerde electrogrammen
in het linker- en rechteratrium voorafgaand aan ablatie is beoordeeld. Grote
hoeveelheden gefractioneerde electrogrammen werden gevonden in alle regio’s
van beide boezems, zonder een speciﬁeke voorkeurslocatie uit te wijzen. In de
linkerboezem (LA) had 60,8% (48,5-72,5%) van alle patiënten gefractioneerde
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electrogrammen en was 55,4% (38,9-71,2%) van alle electrogrammen
gefractioneerd. In geen van de LA regio’s werden bovendien verschillen gevonden
in de hoeveelheid fractionatie tussen patiënten met paroxysmaal AF (PAF) en
patiënten met persisterend AF. In deze studie zijn alle onderzoeken uitgevoerd
op dit onderwerp samengevat. Hoge percentages van complex gefractioneerde
electrogrammen blijken niet beperkt tot het interatriale septum, de longaderen,
het dak van de LA en de sinus coronarius, maar zijn overvloedig aanwezig in alle
gebieden van beide boezems. Los van fractionatie als gevolg van artefacten lijkt
de anatomische structuur van de boezems zelf een brandhaard voor fractionatie.
Het simpelweg ableren van alle gefractioneerde electrogrammen zou niet alleen
zeer veel tijd kosten, maar zou ook onnodige littekens in gezond boezemweefsel
veroorzaken en het risico op post-ablatie iatrogene atriale tachycardieën
vergroten. Geautomatiseerde detectie algoritmes voor fractionatie, alhoewel nog
steeds gebruikt in de klinische praktijk, blijken geen onderscheid te kunnen maken
tussen ‘fysiologische fractionatie’ en ‘pathologische fractionatie’, waarbij alleen de
laatste een doel voor ablatietherapie van AF is.
Om meer inzicht te krijgen in het ‘feit of fabel’ van gefractioneerde atriale
electrogrammen werd in Hoofdstuk 5 de invloed van ﬁlteren op unipolaire
ﬁbrillatiepotentialen onderzocht. In totaal werden 3000 seconden aan AF-opnames
geanalyseerd, die 2.557.045 boezemﬁbrillatie-potentialen uit het pulmonaal vene
gebied bevatten. Een hoogdoorlaatﬁlter variërend van 0,5 tot 100 Hz verminderde
zowel het aantal gedetecteerde potentialen, deﬂectie amplitude, percentage van
dubbele potentialen (DP’s) en complex gefractioneerde potentialen (CFP’s), als de
potentiaalduur (FDT, interval van eerste tot laatste deﬂectie) en verhoogde het
aantal enkelvoudige potentialen (SP’s) (alle p-waardes <0.01). Laagdoorlaatﬁltering
variërend van 400 tot 200 Hz verminderde het aantal potentialen, percentage van
DP’s en CFP’s, terwijl deﬂectie amplitude, percentage SP’s en FDT toenam (alle
p-waardes <0.01). Een smal stopbandﬁlter (ofwel ‘notch’ ﬁlter) van 50 Hz verminderde
eveneens het aantal potentialen en deﬂectie amplitude (beide p-waardes <0.01),
terwijl het percentage CFP’s toenam (p=0.016) Het notch ﬁlteren had geen invloed
op het percentage SP’s, DP’s en FDT. Bovendien veroorzaakte ﬁltering dat de
lokale activatie tijd (LAT) van de ﬁbrillatiepotentialen verschoof, vooral wanneer er
een strikt laagdoorlaatﬁlter werd gebruikt. Filteren beïnvloedde de LAT’s van alle
potentiaaltypes (d.w.z. SP’s, DP’s en CFP’s), maar potentialen die complex en relatief
lang van duur waren lieten een grotere verschuiving zien in LAT dan potentialen met
een eenvoudigere morfologie. Keuzes in ﬁltering hebben dus aanzienlijk invloed op
de signaalmorfologie van unipolaire ﬁbrillatiepotentialen. Pogingen om te corrigeren
voor ruis of baseline-drift kunnen gemakkelijk resulteren in foutieve detectie van
fractionatie en/of lage amplitude gebieden en belemmeren daardoor dus het in
kaart brengen van ablatiedoelen. Deze resultaten benadrukken het belang van
adequate (d.w.z. zo min mogelijk) ﬁltering tijdens klinische mapping procedures.
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De morfologie van unipolaire SP’s, bestaande uit de positieve R-golf en de
negatieve S-golf, bevat informatie over intra-atriale geleiding en mogelijk het
onderliggende substraat van AF. In Hoofdstuk 6 demonstreren we een duidelijke
dominantie van S-golven bij Bachmann’s bundel (BB) en het rechter atrium (RA), bij
zowel patiënten zonder en met een voorgeschiedenis van PAF (BB 88.8% vs. 85.9%,
RA: 92.1% vs. 85.1%, respectievelijk). Amplitudes op RA, BB en in het longvenengebied
(PVA) waren signiﬁcant lager in de PAF-groep en werden voornamelijk bepaald
door de amplitude van de S-golf. Het grootste verschil in S-golf amplitudes werd
gevonden bij BB, waar de S-golf lager was in de PAF groep (4.08 [2.45–6.13] mV
vs. 2.94 [1.40–4.75] mV; p<0.001). Bovendien was de geleidingssnelheid (CV) ook
lager in BB in PAF patiënten (0.97 [0.70–1.21] m/s vs. 0.89 [0.62–1.16] m/s, p<0.001).
Alhoewel activatie van de boezems tijdens sinusritme (SR) heterogeen wordt
verstoord, kenmerkt een voorgeschiedenis met AF zich door verminderde SPamplitudes op BB als gevolg van amplitudeverlies van de S-golf en verminderde
CV. Dit suggereert dat morfologie van SP’s aanvullende informatie kan geven over
geleiding van het activatiefront.
Mapping van unipolaire voltages wordt in toenemende mate gebruikt voor het
begeleiden van ablatie therapie van AF, aangezien unipolaire electrogrammen
– in tegenstelling tot bipolaire electrogrammen – onafhankelijk zijn van elektrodeoriëntatie en de richting van het atriale activatiefront. Hoofdstuk 7 illustreert
individuele unipolaire voltage ‘vingerafdrukken’ tijdens SR met hoge resolutie
om lage voltage gebieden te identiﬁceren en het effect van AF-episodes op
unipolaire amplitudes te bestuderen, speciﬁek bij patiënten met een mitralisklep
aandoening (MVD). In totaal werden 600.722 potentialen geanalyseerd uit 829 SR
opnames van 5 seconden. Er was geen signiﬁcante correlatie tussen unipolaire
voltage en CV, hoewel kleinere voltages werden geregistreerd in gebieden met
geleidingsvertraging (<28cm/s; 1,74 [0,88–3,53] mV vs. 4.72 [2,46–7,61] mV, p<0,001)
en in gebieden rond geleidingsblok (<18cm/s; 1,22 [0,69–2,26] mV vs. 4,79 [2,55–
7,65] mV, p<0,001), vergeleken met gebieden met normale geleiding (≥28 cm/s).
Gefractioneerde potentialen hadden lagere voltages dan enkelvoudige potentialen
(2,05 [1,04–3,75] mV vs. 5,16 [2,85–8,01] mV, p<0,001) en er werd een duidelijke
afname in unipolair voltage gevonden naar mate het aantal deﬂecties in een
potentiaal toenam (1: 5,16 [2,85–8,01] mV; 2: 2,20 [1,14–3,95] mV; 3: 1,21 [0,68–2,26]
mV; ≥4: 0,94 [0,52-1,71] mV, alle p-waardes <0,001). Gebieden met lage voltage
potentialen waren aanwezig bij alle patiënten en er werden geen voorkeurslocaties
gevonden. Patiënten met PAF hadden lagere voltages op BB (geen AF: 4,92 [3,45–
6,09] mV, PAF: 2,95 [2,24–4,57] mV, p=0,007) en een hoger aantal lage voltage
potentialen (geen AF: 2,13 [0,52 - 7,68]%, PAF: 12,86 [3,18-23,59]%, p = 0,001). In de
groep zonder AF was er in BB een hoger aantal gefractioneerde potentialen (19,58
[12,40–31,72]%) in vergelijking met RA, PVA en LA. Aangezien lage unipolaire voltages
zelfs aanwezig zijn bij patiënten zonder voorgeschiedenis van AF en dus niet altijd
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‘ziek’ boezemweefsel aantonen, moeten ze zorgvuldig gebruikt worden tijdens
ablatie therapie.
Endo-epicardiale asynchronie (EEA) en de samenhang tussen de endocardiale
en epicardiale lagen kunnen van groot belang zijn in de pathofysiologie van AF.
Electrogram-morfologie wordt veelal gebruikt voor de identiﬁcatie van structurele
of elektrisch geremodelleerde gebieden met aritmogene eigenschappen, maar
de morfologische verschillen tussen epicardiale en endocardiale electrogrammen
waren nog niet onderzocht. In de studie beschreven in Hoofdstuk 8 werden
unipolaire electrogrammen van het epicardium en het endocardium gelijktijdig
geregistreerd op het RA tijdens SR bij 26 patiënten. Een totaal van 102.129 potentialen
werden geanalyseerd in 16.954 electrogrammen, waaronder 50.714 potentialen
van 8.423 epicardiale electrogrammen en 51.415 potentialen van 8.531 endocardiale
electrogrammen. Vooral het bovenste deel van de RA liet vertraagde activatie, EEA
en fractionatie zien. Unipolaire voltages namen af met de mate van fractionatie
in het epicardium en het endocardium. Zowel epicardiale als endocardiale
electrogrammen toonden een S-golf predominantie, wat aangeeft dat de RS-ratio
niet kan worden gebruikt om de leidende laag tijdens SR te identiﬁceren. Incidentie
van gefractioneerde potentialen (>1 deﬂectie) toonde een stijgende trend van het
onderste deel van de RA (16%) naar het middelste deel van de RA (22%, p=0,136)
en was het hoogst in het bovenste deel van de RA (36%, p<0,001). Fractionatie was
grotendeels vergelijkbaar tussen de beide lagen, al liet het bovenste deel van de RA
een trend zien naar meer gefractioneerde potentialen in de endocardiale laag (33
vs. 38% (p = 0,09). Lokale epi-endocardiale verschillen in het aantal gedetecteerde
deﬂecties traden op bij 6,6%. In 12% van de patiënten was EEA te zien in het onderste
deel van de RA, bij 19% in het middelste deel van de RA en bij 57% in het bovenste
deel van de RA (p=0,001). Het overgrote deel van de gefractioneerde deﬂecties
(95%) kon worden toegeschreven aan activatie op afstand, aangezien een
overeenkomstige LAT aanwezig was in het omringende weefsel van dezelfde of de
tegenoverliggende laag. Slechts 4% hiervan kon aan EEA worden toegeschreven. Als
een potentiaal tijdens SR gefractioneerd is kunnen dus de meeste extra deﬂecties
worden verklaard door geleidingsstoornissen in hetzelfde of tegenoverliggende
vlak, en in een klein percentage vertegenwoordigen ze EEA. De waarneming
dat morfologie van unipolaire electrogrammen mogelijk een hulpmiddel zou
kunnen zijn om EEA te identiﬁceren is interessant voor de klinische praktijk, omdat
er dan slechts aan één kant van de atriale wand gemeten kan worden.
Alhoewel bipolaire opnames vaak de voorkeur krijgen in elektrofysiologische
studies, zijn unipolaire electrogrammen mogelijk beter geschikt om EEA te
detecteren bij het opnemen van electrogrammen aan slechts één kant van de
atriale wand. In Hoofdstuk 9 laten we zien dat fractionatie die overeenkomt met
EEA aanwezig is in unipolaire en bipolaire electrogrammen in zowel het epi309
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als het endocardium (epi: 75% vs 65% (bi-x) en 69% (bi-y), endo: 72% vs 78% (bi-x)
en 72% (bi-y)). In bipolaire metingen nam de signaal-ruisverhouding van EEAovereenkomstige fractionatie af (van 11 (6-25) tot 4 (2-7) in bi-y, p <0,001) en nam
de fractionatie in elektrogrammen opgenomen op het endocardium toe (53%
(10-86) tot 82% (52-100) in bi-x, p = 0,019). De betere signaal-ruisverhouding van
EEA-overeenkomstige fractionatie en de minder aanwezige fractionatie maken
unipolaire electrogrammen beter geschikt voor detectie van EEA op basis van
electrogram fractionatie dan bipolaire elektrogrammen.
Vroeg postoperatief AF (EPoAF) is de meest voorkomende complicatie na
hartchirurgie. EPoAF verhoogt niet alleen de duur en de kosten van de
ziekenhuisopname, het gaat ook gepaard met een slechtere prognose op de
lange termijn.1 Om de patiënten met risico op het ontwikkelen van EPoAF te
kunnen identiﬁceren, beschrijft Hoofdstuk 10 kenmerken van EPoAF bij obese
patiënten (BMI ≥30) en niet-obese patiënten (BMI <30). Obesitas verhoogde het
aantal langdurige AF episodes in de vroege postoperatieve periode (eerste vijf
postoperatieve dagen) na hartchirurgie voor zowel patiënten met coronarialijden
als hartklepaandoeningen. De hogere EPoAF last (d.w.z. de verhouding tussen
de totale duur van alle AF-episodes en de totale opnametijd) in de vroege
postoperatieve periode trad vooral op de derde dag op. Omdat de effecten van
obesitas op het AF-substraat omkeerbaar zijn met gewichtsbeheersing, kan een
preventieve levensstijl vóór de operatie een belangrijke rol spelen.
Een cohort van 154 bicuspide aortaklep (BAV) patiënten werd in Hoofdstuk
11 onderzocht op EPoAF-kenmerken (bijv. incidentie, duur en last), evenals
preoperatieve risicofactoren (bijv. geslacht, leeftijd, BMI en voorgeschiedenis van
AF) en lange termijn follow-up (bijv. recidief AF, overleving). EPoAF kwam voor
bij 28% van de BAV-patiënten, had een last van 13,2% en verminderde de AF-vrije
overleving signiﬁcant, maar had geen invloed op de algehele overleving. EPoAFlast was signiﬁcant gecorreleerd met de mediane en langste EPoAF-episodeduur
(r=0,66 en r=0,89, respectievelijk), en mannen hadden een hogere algehele last
dan vrouwen (p=0,03). Oudere leeftijd, vergroting van het LA en rethoracotomie
waren onafhankelijke risicofactoren voor EPoAF. Ritmecontrole tijdens follow-up
van BAV-patiënten met een hoge EPoAF-last wordt aanbevolen om AF-recidieven
te detecteren.

Biologische markers van boezemﬁbrilleren
In het tweede deel van dit proefschrift wordt de focus verlegd naar biologische
markers van AF. Alhoewel de onderliggende mechanismen die verantwoordelijk
zijn voor de progressie van AF nog steeds niet helemaal duidelijk zijn, wordt atriale
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elektro-anatomische remodelling (bijv. LA dilatatie, atriale interstitiële ﬁbrose of
littekens) algemeen erkend als een belangrijke factor in de pathogenese van AF.
Gebaseerd op de opvatting dat lage bipolaire voltages (≤0,5mV) de aanwezigheid
van littekenweefsel en dus aritmogeen substraat impliceert, hebben meerdere
studies een signiﬁcante correlatie gevonden tussen de aanwezigheid van
gebieden met lage voltages (LVA) en de progressie van AF.2 Gezien detectie van
LVA momenteel alleen mogelijk is periprocedureel, stellen Büttner et al. voor om
natriuretische peptiden te gebruiken om AF-progressie en remodelling middels
non-invasieve methodes te fenotyperen.3 In Hoofdstuk 12 geven we commentaar
op hun waardevolle werk. Biomarkers in het bloed hebben een groot potentieel
om te worden opgenomen in de behandelingsketen van AF, gezien ze relatief
gemakkelijk toegankelijk zijn en van grote diagnostische en voorspellende waarde
kunnen zijn. Helaas was de associatie tussen atriaal natriuretische peptiden en LAdiameter en LVA slechts zwak tot matig, wat aangeeft dat er grotere onderzoeken
uitgevoerd moeten worden om de uitkomsten te valideren.
Alle huidige farmacotherapeutische strategieën zijn nog niet gericht op
mechanistische hoofdoorzaken van AF die structurele schade aan cardiomyocyten,
mitochondriële dysfunctie en vervolgens elektro-anatomische remodelling
aansturen, en kunnen daardoor dus ook het ontstaan en de progressie van AF
niet voorkomen. Recente experimentele studies laten zien dat heat shock eiwitten
(HSP’s) de initiatie en progressie van AF kunnen matigen. Een HSP-inducerende
stof is L-glutamine. In Hoofdstuk 13 onderzochten we daarom het effect van
L-glutamine op HSP waardes en metabolietniveaus in het bloed van patiënten
met AF (N=21). De HSP27 en HSP70 niveaus werden bepaald door middel van
ELISA’s en de metabolieten met LC-massaspectrometrie. HSP27-niveaus namen
signiﬁcant af na drie maanden suppletie met L-glutamine [540,39 (250,971315,63) tot 380,69 (185,68-915,03), p=0,004] en normaliseerden na zes maanden
suppletie met L-glutamine [634,96 (139,57-3103,61), p<0,001]. Voor HSP70 daalden
de niveaus na drie maanden suppletie met L-glutamine [548,86 (31,50-1564,51)
tot 353,65 (110,58-752,50), p=0,045] en bleven laag na zes maanden suppletie
met L-glutamine [309,30 (118,29- 1744,19), p=0,517). In tegenstelling tot patiënten
met lage HSP27-niveaus bij aanvang van de studie vertoonden patiënten met
hoge HSP27-niveaus na drie maanden L-glutamine suppletie normalisatie van
verschillende metabolieten, welke verband houden met de metabolisatie van
koolhydraten, nucleotiden, aminozuren, vitamines en cofactoren. Alhoewel de
kleinschaligheid van deze prospectieve interventiestudie de formulering van sterke
conclusies bemoeilijkt, verlaagt suppletie van L-glutamine de serumspiegels van
HSP27 en HSP70 binnen drie maanden en normaliseert het de metabolietniveaus
in dit cohort. Het is daarom van belang om in de toekomst een grotere en idealiter
gerandomiseerde klinische studie uit te voeren om een effect van L-glutamine op
de vermindering van AF-episodes te testen.
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List of abbreviations
AERP
AF
AFCL
AFFIP
ANP
APD
AT*
AT*
AV
AVD
AVR
AUC
BAV
BB
BMI
BNP
CABG
CAD
CB
CF(A)E
CFP
CHD
CI
CL
CRM
CS
CT
CV*
CV*
DA
DM
DP
EAT
ECG
EEA
EGM
EPoAF
FDT
FI
FP
FT
HSP
IAS
IQR
LA
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Atrial effective refractory period
Atrial ﬁbrillation
Atrial ﬁbrillation cycle length
Atrial ﬁbrillation ﬁngerprinting
Atrial natriuretic peptide
Action potential duration
Activation time
Atrial tachycardia
Atrioventricular
Aortic valve disease
Aortic valve replacement
Area under the receiver operator curve
Bicuspid aortic valve
Bachmann’s bundle
Body mass index
Brain natriuretic peptide
Coronary artery bypass grafting
Coronary artery disease
Conduction block
Complex fractionated (atrial) electrogram
Complex fractionated potential
Congenital heart disease
Conﬁdence interval
Cycle length
Continuous rhythm monitoring
Coronary sinus
Crista terminalis
Caval vein
Conduction velocity
Delayed activation
Diabetes mellitus
Double potential
Epicardial adipose tissue
Electrocardiogram
Endo-epicardial asynchrony
Electrogram
Early postoperative atrial ﬁbrillation
Fractionation delay time
Fractionation interval
Fractionated potential
Fractionation time
Heat shock protein
Interatrial septum
Interquartile range
Left atrium

List of abbreviations

LAA
LAAW
LA-F
LAFED
LALW
LAPW
LA-R
LAS
LAT
LAVG
LCC
lDP
LIPV
L-PER
LSPV
LVA
MA
MVD
NCC
PAC
PAF or PAR
PoAF
PPV
PsAF or PER
PV
PVI
PVA
PVL
PVR
RA
RAA
RAAW
RALW
RAPW
RA-R
RAS
RCC
RIPV
RSPV
SA
sDP
SNR
SP
SR
TA
U-EGM
UV

Left atrial appendage
Left atrial anterior wall
Left atrial ﬂoor
Longest atrial ﬁbrillation episode duration
Left atrial lateral wall
Left atrial posterior wall
Left atrial roof
Left atrial septum
Local activation time
Left atrioventricular groove
Left coronary cusp
Long double potential
Left inferior pulmonary vein
Longstanding persistent atrial ﬁbrillation
Left superior pulmonary vein
Low voltage area
Mitral annulus
Mitral valve disease
Non coronary cusp
Premature atrial complex
Paroxysmal atrial ﬁbrillation
Postoperative atrial ﬁbrillation
Positive predictive value
Persistent atrial ﬁbrillation
Pulmonary vein
Pulmonary vein isolation
Pulmonary vein area
Left pulmonary vein
Right pulmonary vein
Right atrium
Right atrial appendage
Right atrial anterior wall
Right atrial lateral wall
Right atrial posterior wall
Right atrial roof
Right atrial septum
Right coronary cusp
Right inferior pulmonary vein
Right superior pulmonary vein
Sinoatrial
Short double potential
Signal-to-noise ratio
Single potential
Sinus rhythm
Tricuspid annulus
Unipolar electrogram
Unipolar voltage
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