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CHAPTER 1

Atrial fibrillation (AF) is the most common cardiac arrhythmia encountered in daily clinical
practice. The prevalence of AF is 1-2% and is estimated to at least double in the upcoming
50 years.(1, 2) AF is strongly linked to age and other cardiovascular diseases, such as
hypertension, diabetes mellitus, coronary artery disease, heart failure and valvular heart
disease.(3, 4) In the general population, AF is responsible for a significant morbidity and
mortality primarily caused by congestive heart failure and ischemic stroke.(4-6) It is
associated with a fivefold increased stroke risk.(7) Additionally, patients with AF have a
significantly impaired quality of life (QoL) compared to healthy controls.(8) In the
Netherlands, AF results in >38.000 hospital admissions each year and leads to annual
healthcare costs of approximately 583 million euros.(9, 10)
Atrial fibrillation is a disease with a multifaceted nature. The diversity is reflected in the
clinical presentation, the symptoms and the unpredictable occurrence. AF is classified as
paroxysmal, persistent and longstanding persistent. Paroxysmal AF (PAF) terminates
spontaneously within 7 days, whereas persistent AF will last at least 7 days. Longstanding
persistent AF is defined as a sustained episode lasting >1 year.(11) Atrial fibrillation is
considered a progressive disease: PAF may eventually deteriorate in persistent and
ultimately permanent AF.
According to Coumel’s concept of arrhythmogenesis, AF is embraced by a pathogenic
triangle formed by a variable substrate, triggers and modulating factors.(12) AF can be
initiated by rapidly firing ectopic foci, mainly located in the pulmonary veins (PVs) and
maintained by an atrial substrate.(13) This atrial substrate is dynamic and induced by AF
itself. It is characterized by electrical and structural remodeling.(14) Electrical remodeling
is a reaction to tachycardia and develops within days after AF initiation.(15, 16) It involves
changes in ion channel expression and distribution. Electrical remodeling results in a
decrease of the effective refractory period due to shortening of the action potential duration,
which is mainly caused by a reduction in the L-type Ca2+ current.(17) Also, shortly after AF
induction, remodeling of gap junction occurs, which leads to conduction slowing and
facilitates the occurrence of reentry.(18, 19)
Structural adaptations of the atria are slower processes compared to electrical changes.
AF leads to structural and ultrastructural changes. Ultrastructural remodeling includes
alterations within the atrial myocytes and comprises: increase in cell size, perinuclear
accumulation of glycogen, myolysis, changes in mitochondrial shape, fragmentation of
sarcoplasmic reticulum, homogeneous distribution of nuclear chromatin and changes in
localization and quantity of structural cellular proteins.(20) On a structural level, atrial
remodeling is characterized by decreased wall thickness, disarrangement of cell bundles,
interstitial fibrosis and atrial dilation.(21) Interstitial fibrosis leads to slow and discontinuous
conduction, conduction block and breaking-up and fragmentation of propagating wave
fronts.(14) Atrial dilation promotes AF by increasing circuit path space so that larger reentry
circuits can be supported and a larger number of circuits can be maintained.(14)
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History of radiofrequency catheter ablation treatment of cardiac tachyarrhythmias
In the late 1960s, catheters were first used for intracardiac recordings and diagnosis of
arrhythmias.(22) Nevertheless, for many years the main nonpharmacologic treatment for
refractory cardiac tachyarrhythmias remained cardiac surgery.(23) Finally in the early 1980s,
catheter ablation (CA) treatment advanced. The initial energy source used in CA was direct
current (DC) from an external defibrillator that delivered a shock between the distal catheter
electrode and a surface electrode.(24), DC ablation was, however, associated with serious
complications and abandoned shortly after the development of radiofrequency (RF) CA.
(25, 26) In RFCA, RF current is delivered in a unipolar fashion between the tip electrode of
the catheter and a dispersive electrode placed at the back of the patient. RF energy induces
homogeneous, necrotic lesion formation through heating of myocardial tissue ≥ 50°C.(27)
However, starting at 55°C, blood protein denaturization may occur, leading to coagulum
formation on the tissue surface.(28) These clots can detach and cause cerebral embolisms,
leading to ischemic cerebrovascular insults. Moreover, excessive tissue heating may lead
to rapid steam expansion inside the tissue, with the risk of cardiac perforation. Monitoring
of myocardial tissue temperature with RFCA is difficult. In temperature controlled mode,
RF delivery is controlled by monitoring of the tip electrode temperature. Yet, due to the
cooling effect of circulating blood, that tip temperature will always be lower than that of
the heated tissue. Currently, the tip electrode of catheters used in AF ablation is equipped
with small saline irrigation channels, to actively cool the tip electrode and the tissue surface
in order to prevent coagulum formation. Active cooling, however, impedes measurement
of the tissue temperature and increases the risk of overheating, steam pops and cardiac
perforation.(28) This has not yet been solved and requires utter attention and experience
of the team that performs the procedure.

1

Catheter ablation treatment of atrial fibrillation
In general, AF is primarily treated with antiarrhythmic drugs (AADs) for both rate- and/or
rhythm control.(29, 30) When patients suffer from symptomatic drug-refractory or drugintolerant AF, CA treatment is recommended for patients with PAF and should be considered
for patients with (longstanding) persistent AF.(11, 31) Over the past decades, CA of AF has
evolved from an experimental treatment to a frequently performed, widely accepted
procedure. Less than two decades ago, CA treatment of AF was limited to either
experimental ablations in both atria or palliative ablation of the atrioventricular node.(32,
33) A potential curative target for CA in AF patients emerged after the pulmonary veins
(PVs) were identified as the most important trigger of AF.(13) Blocking this trigger by
electrically isolating the PVs from the left atrium (LA) can prevent the initiation of AF.
Moreover, wider PV antrum isolation (PVAI) involves considerable substrate modification,
mainly of the posterior LA wall. Nowadays, PVAI is the cornerstone of AF ablation and can
be performed using different techniques and energy sources.(31) Point-by-point RFCA,
using contact force sensing catheters is most frequently performed.(34) Nonetheless,
point-by-point RFCA is still relatively challenging and time consuming. In order to meet the
increase in patient demand, ‘one-shot’ CA technologies, e.g. cryoballoon, laser balloon and
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multipolar RF catheters, have been developed to simplify and shorten the procedure. A
general, minor drawback for the ‘one-shot’ devices is their relatively limited flexibility.
Certain anatomical variants (e.g. presence of a left common trunk) may not be suitable and
in patients who require additional linear or focal ablations, a switch to another catheter is
required.
A frequently used multipolar RF ablation catheter is the pulmonary vein ablation catheter
(PVAC). The PVAC shows similar one-year outcomes regarding efficacy.(35) Previously, it
was related to higher incidence of silent cerebral ischemic events and PV stenosis.(36, 37)
However, introduction of specific procedural changes significantly reduced the incidence
of asymptomatic cerebral emboli.(38)
Cryoballoon ablation catheters are commonly used. In cryoballoon ablation, nitrous oxide
is delivered to the inner balloon of the catheter, where it undergoes transformation from
liquid to gas producing a temperature of -80 degrees. Cryothermal energy lesion formation
is caused by a freezing/rewarming cycle that leads to microcirculatory changes, apoptosis
and ultimately fibrosis.(39) The freezing technology allows the catheter to adhere to the
tissue during ablation, potentially resulting in greater catheter stability. In patients with PAF,
cryoballoon ablation shows similar outcomes compared to RFCA. (11, 40-42) A disadvantage
of cryoballoon ablation is the high occurrence rate of phrenic nerve palsy.(40, 41, 43)
Last, a less frequently used alternative is laser balloon ablation. Laser balloons use an
optical fiber that delivers laser energy. Laser balloon catheters offer real time visualization
by an endoscope, which could be beneficial for creation of sufficient ablation lesions.
Although there is little experience with laser balloons, they might be an alternative for
RFCA.(44)
Ablation strategies for atrial fibrillation
The basis of AF ablation is PVAI.(31) Besides PVAI alone, more extensive ablation strategies
have been developed to increase procedural outcomes in subset of patients. These
strategies mainly focus on additional modification of the atrial substrate and ablation of
non-PV triggers. Non-PV triggers consist of single atrial premature complexes or atrial runs
that can induce AF and often originate from the superior vena cava, coronary sinus, the
vein of Marshall, mitral annulus, crista terminals, left atrial appendage (LAA) and the
posterior LA. (45-47) Although elimination of non-PV triggers might improve procedural
success, identification of these triggers is challenging.(48) In order to awaken and accurately
locate the triggers, isoproterenol infusion or burst pacing and possibly repeat cardioversion
may be required. After a trigger is identified, it needs to be accurately mapped and ablated.
Furthermore, identification of clinical relevant triggers is difficult especially when multiple
triggers are present. So, the additional value of ablation of non-PV triggers remains
uncertain.(49)
Previously, additional modification of the atrial substrate has mainly focused on linear
ablation lesions and ablation of complex fractionated atrial electrograms (CFAE). CFAEs are
electrograms with multiple, continuous split components or electrograms with very short
cycle lengths.(50) They are supposed to represent areas in the atria acting as pivot points,
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zones of anisotropic or slow conduction and anatomical obstacles that may be critical to
maintain AF.(51, 52) Moreover, they may indicate sites of non-PV triggers.(53) Ablation of
CFAEs has been studied extensively and there is conflicting evidence on its additional
benefit.(54-56) Although it might modify the atrial substrate to an extend that it cures AF,
irregular lesions after extensive CFAE ablation often act proarrhythmic and form the basis
of new atrial tachyarrhythmias, mainly based on micro- and macro-reentry. These
tachycardias can undo the initial beneficial effect of CFAE ablation and are sometimes very
difficult to treat.
Due to the conflicting evidence regarding additional ablation of non-PV triggers, CFAEs and
linear lesions, there is an increasing interest in novel substrate modification options like
ablation of rotors and areas of low voltage. Existence of low voltage areas, detected by
voltage mapping, has been proven to be a powerful predictor of AF recurrence after CA.(57)
In low voltage ablation, myocardial sites demonstrating regions with reduced electrogram
amplitudes (often <0.50 mV in stable sinus rhythm) are ablated on top of PVAI. However,
no true sharp voltage cutoff value exist that includes all proarrhythmic sites and excludes
healthy tissue. First studies applying low voltage ablation on top of PVAI are optimistic.
(58-60) Yet, none of these studies were randomized controlled trials, inevitably introducing
bias.
There is an ongoing discussion on the existence rotors. Rotors might form focal drivers
that maintain AF. Although all high-density epicardial mapping studies failed to confirm the
existence of stable rotors, a novel computational mapping approach using a 64-pole basket
catheter and Focal Impulse and Rotor Modulation (FIRM) software systematically detects
rotors in persistent AF.(61-64) The first study using FIRM guided ablations have showed
very promising results. In a non-randomized study, PVAI with additional FIRM guided
ablations were compared with PVAI alone. FIRM-guided ablation led to a significant increase
in freedom from AF (82.4% vs. 44.9%).(64) On the contrary, a recent non-randomized
multicenter experience could not reproduce this high success rate and presented poor
efficacy of this technique.(65) Also a study on the efficacy of rotor ablation identified by
another computational mapping technique showed disappointing results.(66)
A trend can be noticed in research on all new additional ablation strategies. Results of the
first observational studies are very optimistic but well-constructed, randomized controlled
trials are lacking. This was also the case in ablation of CFAEs and linear lesions. Several
studies had revealed very promising results.(54, 55) Nevertheless, the multicenter,
randomized controlled STAR-AF II trial that compared PVAI alone with PVAI plus CFAE
ablation and PVAI plus additional linear ablation, surprisingly showed disappointing outcomes
of additional CFAE and linear ablations.(56) Therefore, the call for well-designed, randomized
controlled trials is urgent and to this day, the optimal ablation strategy remains undefined.

1

Superiority of RFCA treatment over antiarrhythmic drugs
Currently, CA treatment is applied in around 5% of patients with AF.(29, 30) In the member
states of the European Society of Cardiology, a 60% increase in CA procedures for AF was
detected in 2014 compared to 2013. Several factors may contribute to this rise, including
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the increasing evidence on the superiority of RFCA over AAD therapy. Regarding AF related
morbidity (e.g. stroke) and mortality, RFCA treatment has been compared with AAD therapy
in a few observational studies. As suggested by these studies, RFCA significantly reduces
the risk of stroke and mortality.(67, 68) In fact, patients that underwent RFCA may even
have long-term stroke rates similar to patients without AF.(69, 70) To this day, data from
large randomized controlled trials are missing, but the CABANA-trial (GOV-clinical trials:
NCT00911508) will hopefully provide long-awaited answers. This trial is designed to
compare RFCA to state-of-the-art AAD therapy (either rate- or rhythm control) with regard
to the composite endpoint total mortality, disabling stroke, serious bleeding or cardiac
arrest in AF patients.
Regarding efficacy endpoints, RFCA resulted in significantly higher rates of freedom from
AF compared to AADs in patients with PAF in several studies. (71-73) Besides increased
success, RFCA showed a significant improvement in QoL.(71-73) In one study, these results
were maintained over an extended follow-up of 48 months.(74) Also in persistent AF, RFCA
resulted in significantly less recurrences of AF compared with AAD therapy.(75) Even in
chronic AF (defined as continuous AF during at least 6 months), superiority of RFCA over
AAD has been reported.(76)
Because of the superior results of RFCA in patients refractory to at least one AAD, first-line
treatment of CA treatment has also been studied. In three randomized studies, patients
with PAF without a history of AAD use were randomly assigned to RFCA or AAD therapy.
(77-79) In all three studies, RFCA resulted in significantly less recurrence of AF after 12-24
months of follow-up. Two studies also showed significantly greater improvement in QoL
in the RFCA group.(78, 79) Based on the outcomes of these studies, RFCA should be
considered as first-line therapy to prevent recurrent AF and to improve symptoms in
patients with PAF as an alternative to AAD therapy.(11)
Contemporary challenges of RFCA treatment
In general, the ablation procedure considerably improved over the past years. There have
been continuous improvements in functional aspects and design of catheters,
electroanatomic mapping systems and cardiac imaging. Cardiac imaging with
(transesophageal) echocardiography, computed tomography (CT) and cardiac magnetic
resonance provides valuable information for all stages of the procedure: pre-procedural
(patient selection by assessment of LA dimensions, PV anatomy, LAA thrombus and
possibly LA scar burden), peri-procedural (anatomical image integration) and post-procedural
(ruling out PV stenosis and potentially evaluation of efficacy by assessment of tissue
properties).(80-82) For pre-procedural exclusion of LAA thrombus, multifunctional modalities
like CT angiography (CTA) are increasingly used instead of transesophageal echocardiography.
Nevertheless, with CTA, differentiation between thrombus and slow-flow artefacts remains
challenging.
Although several scientific milestones have been reached, RFCA treatment remains
imperfect. The quest to optimal outcomes continues and several challenges exist. The
cornerstone of AF ablation is PVAI in all patients. However, PVAI through RFCA can be time
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consuming, it may lead to severe complications like PV stenosis, the rate of PV reconnection
and recurrence of AF is high, and redo procedures are frequently necessitated. True
incidence of PV stenosis and the optimal technique or strategy to reduce PV reconnection
are unknown. Furthermore, it is unclear who can be cured by PVAI alone, who requires
additional ablations and which additional ablations truly increase procedural success.(31,
56) Consequently, for an AF heart team, adequate patient selection for the appropriate
ablation technique and strategy is demanding. Last, it is unknown which patients eventually
do not benefit from RFCA treatment and should potentially be withheld from treatment.

1

OUTLINE OF THIS THESIS
The aim of this thesis was to broadly study and improve RFCA treatment, from diagnostic
work-up to procedural outcomes and post-procedural imaging. In chapter 2, an overview
of changes in patient characteristics and RFCA outcomes over the past decade is presented.
Monitoring of these changes provide insights into treatment advances, but also into
treatment shortcomings. Consequently, contemporary challenges in improving RFCA
outcomes are discussed. In chapter 3, we focus on long-term outcomes of PVAI alone as
a primary ablation strategy. As discussed in the general introduction, many ablation
strategies have emerged in AF ablation. Long-term outcomes of PVAI alone have been
poorly described. We aimed to investigate long-term success of PVAI, identify patients that
benefit from PVAI alone and evaluate the additional value of substrate modification. Then
in chapter 4 we analyze patients who did not clinically benefit from RFCA and focus on
clinical decisions made in these patients. In chapter 5, we concentrate on adenosine testing
after PVAI; a recent scientific breakthrough in AF ablation. We determine if adenosine
testing immediately after PVAI sufficiently excludes dormant conduction and later
reconnection. Thereby, it may obviate the need for a 30 minute observation period and
significantly reduce procedure duration. In chapter 6 we present our double-contrast,
single-phase computed tomography angiography protocol to rule out LAA thrombus prior
to ablation. We analyze the incidence of LAA filling defects and LAA thrombus. In chapter
7 incidence of PV stenosis after RFCA is presented. Also, we deliberate whether postprocedural imaging for detecting PV stenosis remains necessary. All parts are further
discussed in chapter 8. In this chapter we summarize our main findings present possible
directions for future research in RFCA.
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ABSTRACT
Background
Over the past decade, radiofrequency catheter ablation (RFCA) of atrial fibrillation (AF)
evolved into a frequently performed procedure. The aim of this study is to monitor changes
in patient characteristics, procedural characteristics, outcomes and complications over the
past 10 years.
Methods
All consecutive patients who underwent primary RFCA treatment of AF in the University
Medical Center Utrecht from 2005-2015 were included. In all patients, primary ablation
strategy was pulmonary vein (PV) antrum isolation without additional substrate modification.
Baseline patient and procedure characteristics, and one-year follow-up data of 975 patients
were prospectively collected.
Results
In 2005, 73.4% of patients suffered from paroxysmal AF, which decreased to 45.3% in
2014. Mean age increased from 54±9 to 61±10 years and CHA2DS2-VASc score ≥2 from
18% to 40.6%. History of AF significantly decreased from 7 to 4 years. Mean procedure
duration was 237±53 minutes in 2005 and 163±41 minutes in 2014. Fluoroscopy time
significantly decreased from 41±17 to 19±8 minutes and total radiation exposure from 465
(263-687) to 210 (118-376) mGy. One-year success remained similar (2005: 55.6%, 2014:
54.8%), as did the amount of PV reconnection observed during redo procedures. Due to
a marked reduction in vascular complications and moderate PV stenosis, total complication
rate decreased significantly.
Conclusion
Over the past decade, AF ablation has increasingly been performed in older patients with
persistent AF and more comorbidity. Moreover, it has been performed earlier after AF
diagnosis. Although several performance parameters, like procedure duration and
complication rate, improved, one-year single procedure success remained unchanged.
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INTRO DUCTION
Radiofrequency catheter ablation (RFCA) is a relatively novel treatment option for atrial
fibrillation (AF). Less than two decades ago, RFCA treatment was limited to either
experimental ablations in both atria or palliative ablation of the atrioventricular node.(1, 2)
However, by identification of the pulmonary veins (PVs) as the most important trigger of
AF, a potential curative target for RFCA arose.(3) Nowadays, the cornerstone of RFCA
treatment is PV antrum isolation (PVAI).(4)
Over the past decade, RFCA treatment has matured. It evolved from a fairly unfamiliar
treatment to a frequently performed, widely accepted procedure. For patients with
symptomatic paroxysmal AF (PAF) refractory or intolerant to at least one Class 1 or 3
antiarrhythmic drug (AAD), RFCA advanced to a Class 1 recommended treatment.(4)
Nevertheless, RFCA outcomes remain imperfect. Single procedure success is modest and
redo procedures are often needed.(5, 6)
Technical developments, increased physician’s experience and scientific findings may have
led to shifts in patient selection and, as a consequence, patient characteristics may have
changed over time. Furthermore, these developments may have affected procedural
outcomes. Yet, whether promising technical developments and results from clinical trials
truly translate into clinical benefit remains uncertain. Therefore, monitoring of changes in
real-world procedural outcomes may be meaningful. Moreover, it guides physicians in
properly informing patients on the expected outcomes of RFCA.
Goals of this single center study are to (1) analyze shifts in patient characteristics, procedural
characteristics, outcomes and complications over the past decade and (2) describe
procedural and technical developments that may have led to these shifts.

2

METHODS
Study population
All consecutive patients with symptomatic, drug-refractory or drug-intolerant AF who
underwent first PVAI in the University Medical Center Utrecht from 2005 to 2015 were
included in this analysis. Baseline patient and procedure characteristics, and one-year
follow-up data were prospectively collected. This study was approved by the institutional
review board.
Baseline characteristics
Prior to the first ablation, baseline characteristics were collected and included: sex, age,
type of AF, history of AF (years since AF was diagnosed), risk factors for cardiovascular
disease, CHA2DS2-VASc score, congestive heart failure, structural heart disease and left
atrial (LA) size (end-systolic LA diameter in the parasternal long axis view on
echocardiography). AF type was classified as paroxysmal, persistent or longstanding (LS)
persistent according to the HRS/EHRA/ECAS 2012 Consensus Statement on Catheter and
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Surgical Ablation of AF.(4) In short, PAF was defined as spontaneously terminating within
7 days, persistent AF as sustaining beyond seven days or requiring cardioversion after 48
hours of AF and LS persistent AF as >12 months of continuously present AF.
Electrophysiological study and ablation strategy
Pre-ablation workup, electrophysiological study (EPS) and post-ablation care have been
described in detail elsewhere.(6, 7) In short, catheters were introduced through the right
femoral vein and when needed also through the left femoral vein. An octapolar catheter
was positioned in the coronary sinus. A circular decapolar mapping catheter (Lasso® NonNAV or NAV eco Catheter, Biosense Webster) was used for LA reconstruction and
confirmation of PV isolation. A three-dimensional cardiac mapping system (EnSiteTM NavXTM
and VelocitiyTM; St. Jude Medical Inc., St Paul, MN, USA or Carto®; Biosense Webster,
Diamond Bar, CA, USA) was used to obtain a three-dimensional reconstruction of the LA,
including the LAA and the PVs. Electrical signals were recorded and stored on an
electrophysiology recording system (PruckaTM CardioLab EP system, GE Healthcare). The
left and right PVs were widely encircled at their antrum using an irrigated tip catheter
(1.ThermoCool® irrigated tip catheter, Biosense Webster, 2. ThermoCool® SmartTouchTM,
Biosense Webster, 3. TactiCathTM; St. Jude medical). Thereafter, a 30 minute observation
period was routinely used to check for PV reconnection. During the complete duration of
the study, the primary ablation strategy was PVAI without additional ablation of complex
fractionated atrial electrograms (CFAEs) and without linear ablation lesions in the LA.
Ablation of the cavotricuspid isthmus was performed only in cases with a history of
documented atrial flutter (AFl). A redo-procedure was considered in all patients with
recurrences of atrial tachyarrhythmias.
During this study, some major changes in (peri-) procedural care have been implemented.
An overview of these changes is shown in figure 1.
Follow-up of patients
Patients were seen at the outpatient clinic at 3, 6 and 12 months after the ablation
procedure. Patient’s rhythm status was evaluated using patient’s history and a 12-lead
electrocardiogram in every visit and with additional 48-hour Holter recordings at 3 and 6
months. After 3 to 6 months of follow-up, magnetic resonance imaging (MRI) or computed
tomography of the heart was routinely performed to rule out PV stenosis.
Outcomes
One-year success was defined according to the 2012 HRS/EHRA/ECAS expert consensus
statement as complete freedom from AF, AFl or atrial tachycardia recurrences following
the 3-month blanking period in the absence of Class I and III AAD therapy.(4)
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Figure 1. Timeline of changes in procedural care.

2

In 2010, EnSiteTM NavXTM has been upgrade to EnSiteTM VelocitiyTM. From 2011 onwards, oral
anticoagulation therapy was uninterrupted throughout the procedure. Since 2012, CARTO®, Biosense
Webster has been applied besides Ensite, St. Jude medical as a three-dimensional mapping system. The
use of adenosine has gradually been introduced since 2012 and was left to the physician’s discretion. Contact
force catheters (SmartTouch™; Biosense Webster or TactiCath™; St. Jude medical) have been used since
2013. Until 2013, EPS was performed in a non-sedated state. After 2013, EPS was performed under
procedural sedation with propofol and remifentanil.

Statistics
Patient characteristics were reported as percentages, counts, median (25th—75th
percentile) or mean ± SD, as appropriate. For categorical variables, significant variation
over time was determined using the chi-square test. For continuous variables, significant
variation over time was analyzed using ANOVA in case of homogeneous variance or KruskalWallis H-test if not homogeneous. CHA2DS2VASc score was dichotomized at the clinical
relevant cut-off value of ≥2.
In order to identify significant predictors of recurrence of atrial tachyarrhythmias after
primary PVAI, multivariate logistic regression analysis was performed. Predictors for the
multivariate prediction model were selected based on known or expected clinical relevance
and comprised all baseline characteristics and year of ablation. A p-value <0.05 was
considered statistical significant. Statistical analyses were performed using SPSS 21.0
(IBM, Armonk, NY, USA).
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26 (23-29)

4.7

7 (4-12)

26 (23-28)

LS persistent

History of AF, y

28,1

1,6

26,6

6,3

42±6

AFl

CHF

Lone AF

SHD

LA size, mm

43±6

11.8

23.5

0

23.5

9.8

19.6

24.5

11.8

44±6

13.2

21.9

1.0

35.4

4.2

30.2

32.3

26 (25-29)

5 (3-8)

11.5

17.7

70.8

57±9

76.0

2007
N=96

44±7

20.3

24.7

6.7

31.5

7.9

32.6

33.7

26 (25-29)

5(2-11)

19.1

37.1

43.8

58±10

80.9

2008
N=89

43±6

12.4

18.4

9.2

25.5

6.1

36.7

32.3

26 (24-30)

5 (3-9)

13.3

30.6

56.1

58±10

72.4

2009
N=98

43±6

12.4

24.8

7.6

25.7

5.7

37.1

36.9

26 (24-29)

5 (2-10)

14.3

21

64.8

57±11

74.3

2010
N=105

42±7

17.8

28.0

6.8

25.4

5.9

33.9

37.3

26 (24-29)

5 (2-10)

11.9

29.7

58.8

59±10

74.6

2011
N=118

42±8

17.4

23.5

2.6

31.3

13.9

42.6

46.1

27 (25-30)

3 (1-7)

6.1

39.1

54.8

60±10

75.7

2012
N=115

43±8

12.0

18.0

2.3

21.8

6.0

43.6

32.3

26 (24-30)

4 (2-9)

4.5

35.3

60.2

58±10

76.6

2013
N=133

42±7

18.9

13.2

3.8

30.2

10.4

40.6

40.6

27 (24-30)

4 (2-8)

1.9

52.8

45.3

61±10

72.4

2014
N=106

0.257

0.545

0.193

0.024

0.476

0.043

0.077

0.023

0.599

<0.001

<0.001

0.001

0.951

p-value

Data are expressed as percentages, mean+SD or median (25th-75th percentile).
AF: atrial fibrillation, LS persistent: longstanding persistent, BMI: body mass index, DM: diabetes mellitus, AFl: atrial flutter, CHF: congestive heart failure, SHD: structural
heart disease, LA: left atrial

0

31,3

Hypertension

DM

18.0

CHA2DS2-VASc ≥2

BMI, kg/m2

5 (2-9)

21.9

Persistent

25.5

73.4

62.7

55±9

74.5

2006
N=51

Paroxysmal

AF type

79.9

Male sex

2005
N= 64

Table 1. Patient characteristics (n=975)
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Figure 2. Distribution of atrial fibrillation types over the past decade

2

RESULTS
From 2005 to 2015, 975 consecutive patients underwent primary PVAI. The number of
patients undergoing RFCA of AF gradually increased over the years (table 1).
Patient characteristics
Dispersion of patient characteristics over the past decade is shown in table 1. Mean age
at the first ablation gradually increased from 54±9 years in 2005 to 61±10 years in 2014
(p=0.001). In 2005, 73.4% of patients suffered from PAF, which decreased to 45.3% in
2014 (p<0.001). Incidence of LS persistent AF resembled a parabolic form. It increased in
the beginning years of the study, from 4.7% in 2005 to maximum of 19.1% in 2008. After
2008, it gradually decreased to 1.9% in 2014 (figure 2). History of AF (years since diagnosis)
significantly decreased from 7 to 4 years. In 2005 18% of patients had a CHA2DS2-VASc
score ≥2, in 2014 40.6%. (p=0.023).
Procedural characteristics and outcomes
Table 2 shows procedural characteristics and outcomes of the past 10 years. In 2005,
mean procedure duration from femoral vein access to catheter withdrawal was 237±53
minutes which decreased to 163±41 minutes in 2014. The main decrease in procedure
duration was noticed in 2013 after introduction of contact force (CF) sensing catheters
(figure 3). Fluoroscopy time significantly decreased from 41±17 to 19±8 minutes and
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43.8

7.8

28.6

94.4

Non-PAF

Redo <1 year

Redo <2 years

PV reconnection

80.0

20.4

13.7

47.4

65.6

381
(249-858)

35±13

277±80

2006
N=51

100

35.8

14.6

42.9

57.4

392
(260-694)

43±15

271±62

2007
N=96

87.5

36.0

18.0

44.0

64.1

520
(231-759)

40±16

262±64

2008
N=89

96.6

29.6

11.2

39.5

56.4

549
(304-1039)

49±19

271±71

2009
N=98

84.0

23.8

15.2

52.8

69.7

369
(221-712)

35±15

244±58

2010
N=105

85.4

35.3

23.7

27.1

61.8

225
(102-424)

26±13

212±48

2011
N=118

90.3

27.2

14.8

61.5

60.7

246
(146-492)

27±12

221±51

2012
N=115

93.5

23.3

16.5

66.7

65.8

234
(132-450)

25±10

188±47

2013
N=133

87.2

37.7

18.9

50.0

60.4

210
(118-376)

19±8

163±41

2014
N=106

0.357

0.091

0.240

0.010

0.916

<0.001

<0.001

<0.001

p-value

Data are expressed as percentages, mean+SD or median (25th-75th percentile). Procedure duration was calculated from femoral vein access to catheter withdrawal.
Success was defined as complete freedom from atrial fibrillation, atrial flutter or atrial tachycardia recurrences. Redo procedures and pulmonary vein reconnection are
analyzed per year of the index procedure. PAF: paroxysmal atrial fibrillation, PV: pulmonary vein, mGy: milligray

59.6

PAF

1 year success

465
(263-687)

41±17

Fluoroscopy time, min

Total radiation exposure, mGy

237±53

Procedure duration, min

2005
N= 64

Table 2. Procedural characteristics and outcomes (n=975)
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total radiation exposure from 465 (263-687) to 210 (118-376) mGy (figure 3). A consistent
decrease in fluoroscopy time and radiation exposure was observed from 2010 onwards,
after implementation of novel 3 dimensional navigation systems and later CF catheters
(figure 3).

2

Figure 3. Procedural characteristics and outcomes of primary pulmonary vein antrum isolation over the past
decade.

A: mean procedure duration in minutes, B: mean fluoroscopy time in minutes, C: median total radiation
exposure in milligray, D: single procedure success (complete freedom from atrial tachyarrhythmias recurrences
off anti arrhythmic drugs) after one year of follow-up in paroxysmal atrial fibrillation and non-paroxysmal atrial
fibrillation.
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0

0

Tamponade

CVA/TIA

0

1.6

Mortality

Other

0

0

0

3.9

2.0

0

7.8

13.7

2006
N=51

0

0

0

1.0

2.1

1.0

5.2

9.4

2007
N=96

0

0

0

2.2

0

0

9.0

11.2

2008
N=89

0

0

0

3.1

0

3.1

1.0

7.1

2009
N=98

0

1.0

0

2.9

0

1.9

1.9

6.7

2010
N=105

0

0

3.4

5.9

0

0.8

0.8

11.0

2011
N=118

0

0

1.7

3.4

0

0

1.7

7.0

2012
N=115

0.8

0

0

0.8

0

0

0

1.5

2013
N=133

0.9

0

0

2.9

0

1.9

2.8

8.5

2014
N=106

0.574

0.507

0.008

<0.001

0.049

0.255

0.001

<0.001

p-value

Data are expressed as percentages. Moderate PV stenosis: 50-70% diameter reduction, Severe PV stenosis: >70% diameter reduction. Other include: air embolus in a
coronary artery (n=1 in 2005), phrenic nerve paresis (n=2).CVA: cerebral vascular accident, TIA: transient ischemic attack, PV: pulmonary vein

0

Severe

Moderate

15.6

7.8

Vascular

PV stenosis

25.0

Total

2005
N= 64

Table 3. Complications (n=975)
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Of the 975 included patients, 19 patients (1.9%) were lost to follow-up. Of the remaining
956 patients, 55.3% were completely free of atrial tachyarrhythmia recurrence off AAD
therapy one year after primary PVAI. During the entire study duration, most recurrences
were based on AF. Only in 4.7% of patients recurrences we based on left-sided AT or AFl.
This was consistent over the years.
Over the past decade, overall success rate did not change. In 2005, one-year success was
55.6% ,in 2014 54.8%. Also in patients with PAF, success remained similar (2005: 59.6%,
2014: 60.4%, p=0.916). In non-PAF patients, one-year success was lower and demonstrated
a more fluctuating course (figure 2). Independent predictors of atrial tachyarrhythmia
recurrences after primary PVAI were female sex (HR: 1.58, 95% CI: 1.08-2.31, p=0.018),
persistent AF (HR: 1.50, 95% CI: 1.09–2.07, p=0.013), longstanding persistent AF (HR:
2.23, 95% CI: 1.37–3.62, p=0.001) and history of AF (HR: 1.04, 95% CI: 1.01–1.06,
p=0.008). Year of ablation was no significant predictor for recurrence (HR: 0.96, 95% CI:
0.91–1.02, p=0.190). So, independent of patient characteristics, procedure success did
not change over a 10-year time period.
The number of redo procedures within two years after the primary ablation procedure and
the number of patients with reconnection of at least one PV observed during these redo
procedures (analyzed per date of the index procedure) remained unchanged over the past
decade (table 2).

2

Complications
The number of complications is shown in table 3. The overall complication rate significantly
decreased in the past decade. Vascular complications, like venous bleeding, fistula or false
aneurysms, as well as moderate PV stenosis (50-70% diameter reduction) significantly
decreased. Severe PV stenosis (>70% diameter reduction) occurred in 6 patients, all in
2011 and 2012. Of all patients with a moderate or severe PV stenosis, one was symptomatic.
This patient suffered from a total occlusion of the left inferior PV and a severe stenosis of
the left superior PV. Both PVs were successfully stented. Cerebral vascular accident
occurred once in 2006 and suspected transient ischemic attack twice in 2007. After 2007,
no thromboembolic complications occurred (p=0.049). Incidence of other complications
(e.g. tamponade) did not change over time. In all 10 years, one patient died suddenly 5
weeks after PVAI due to cardiac tamponade caused by a peri-epicarditis. No atrialesophageal fistula occurred.

DISCUSSION
Main outcomes
In this study, we have highlighted real-world shifts in patient characteristics and procedural
outcomes over the past decade. As RFCA became more frequently performed and while
it gained the referring physician’s trust, it became executed in a more heterogeneous
patient population and earlier after patients were diagnosed with AF. It has increasingly

33

201711 Cas Teunissen_binnenwerk_def.indd 33

01-05-17 01:08

CHAPTER 2

been performed in older patients with more comorbidity and persistent AF. Procedure
duration, fluoroscopy time and radiation dose substantially decreased, likely due to
implementation of novel three-dimensional cardiac mapping systems and contact force
sensing catheters. Due to a substantial decrease in vascular complications and moderate
PV stenosis, total complication rate significantly decreased. Remarkably, one-year single
procedure success and the rate of PV reconnection observed during redo procedures
remained similar over time.
Shifts in atrial fibrillation types
Ablations have increasingly been performed in patients suffering from persistent AF, while
there was a decrease in patients with LS persistent AF. In the past decade, disappointing
results of RFCA in LS persistent AF have been presented in several studies, despite various
ablation strategies.(6, 8, 9) These results may have led to a more reluctant approach in this
subset of patients. On the other hand, possibly less patients reached one year of continuous
AF. Since the notion that increasing duration of persistent AF is associated with decreasing
success rates, efforts were made to treat patients with a few months of continuously
present AF with priority.
Complications
Incidence of tamponade and thromboembolic complications were comparable with previous
studies.(10) The rate of PV stenosis was higher in our study as compared to previous
reports.(10). In contrast to our approach, other institutions only screened for PV stenosis
in case of symptoms. True incidence of PV stenosis is therefore likely underestimated in
the literature.
In the early years of this study, oral anticoagulation therapy was interrupted preceding the
ablation procedure and patients were bridged with subcutaneous low molecular-weight
heparin injections. Several studies, however, revealed that uninterrupted oral
anticoagulation therapy throughout the procedure resulted in less bleeding and
thromboembolic complications.(11) We have adopted this strategy and this may have
resulted in the significant decrease of vascular complications in our population.
Furthermore, in the early years of the study, catheters were often introduced both through
the right and left femoral veins.
Success of catheter ablation treatment
Although RFCA improved with regard to procedure duration, fluoroscopy time and radiation
dose, one-year single procedure success remained similar over the past decade. Regarding
this unchanged success rate two observations stand out: the rate of PV reconnection
encountered during redo procedures has not decreased and success rates are lower in
patients with non-PAF. To increase contemporary procedure efficacy, two major challenges
have to be overcome: 1) achieving durable PV isolation by creating permanent, transmural
ablation lesions and 2) sufficient understanding, identification and ablation of the atrial
substrate in a subset of patients with non-PAF.
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Durable isolation of the pulmonary veins
Prevention of PV reconnection by creating durable ablation lesions has been extensively
investigated and several promising technical and scientific breakthroughs have emerged.
First, CF sensing catheters have been developed. In RFCA, insufficient CF may result in
ineffective ablation lesions, whereas excessive CF may result in complications like cardiac
tamponade. Despite safety and applicability of CF catheters has been demonstrated (12),
two randomized controlled trials failed to confirm superiority of CF catheters over non-CF
catheters regarding efficacy endpoints.(13, 14) However, both studies indicated in subgroup
analysis that sufficient CF resulted in favorable outcomes.
(13, 14) Furthermore, two studies showed that procedure duration, fluoroscopy time and
radiation dose were significantly reduced by the use of CF sensing ablation catheters.(13,
15) This is congruent with our experience and therefore CF catheters are nowadays the
gold standard in our center. Besides CF sensing catheters, advanced 3 dimensional
navigation systems allowing more anatomical details have shown to significantly reduce
fluoroscopy time. (16)
The use of adenosine formed another encouraging innovation. In the ADVICE-trial,
adenosine guided PV isolation led to a significant absolute risk reduction of 27.1% in
arrhythmia recurrence in patients suffering from PAF.(17)
A different promising proposed strategy is pace capture-guided ablation. In case atrial tissue
in the ablation line is still found to be excitable after PVAI, additional ablations are performed
until unexcitability is achieved. In a two-center randomized controlled trial, pace captureguided ablation increased success after 18 months with 30%.(18)
Last, other ablation techniques and energy sources might increase persistence of ablation
lesions. Although robotic-assisted RFCA, second generation cryoballoon and laser balloon
ablations form appropriate alternatives for manual RFCA, to this date, none of these
methods have proven to be superior.(19-23)

2

Significance of study findings
Over the past years, the characteristics of patients undergoing RFCA for AF changed
significantly: patients were older with more comorbidities and an increasing number of
patients suffered from persistent AF. Understanding of these changing patient characteristics
may facilitate designs of future studies. Furthermore, we revealed that success of the
RFCA did not improve significantly despite growing experience and technical developments.
For over a decade, our procedural endpoint has been persistent isolation of the PVs after
a 30 min observation period. However, this is not a sufficient predictor of permanent
isolation. Future research should focus on techniques that will allow transmural and
permanent ablation lesions.
Limitations
This study has some limitations. It is a single-center cohort study. Our results may not be
translated to other institutions. Nevertheless, we had a consistent primary ablation strategy
and the procedural outcomes may be representative to institutions with a similar approach.
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We did not routinely perform 48-h Holter recordings after 12 months of follow-up. Some
asymptomatic episodes of AF may have been missed.
Changes in procedure characteristics and outcomes are multifactorial. Since our study was
a descriptive study, it was not designed to study the effect of all separate contributing
factors. Besides technical developments, other factors like personal learning curves can
attribute. However, to estimate the exact influence of personal learning curves is
challenging. Over the past decade in our tertiary center ablations were performed by both
(experienced) electrophysiologists and fellows. Moreover, technical developments arose
simultaneously.

CONCLUSION
Over the past decade, RFCA of AF became less reserved to young patients with PAF and
more often performed in patients with more comorbidity and persistent AF. Furthermore,
RFCA was performed earlier after patients were diagnosed with AF. Although several
ablation performance parameters like complication rate, procedure duration and radiation
dose improved, one-year single procedure success remained unchanged.
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ABSTRACT
Aims
Pulmonary vein antrum isolation (PVAI) is the cornerstone of atrial fibrillation (AF) ablation.
There is an ongoing discussion on whether and when to add substrate modification to
PVAI. This study evaluates (1) long-term efficacy of PVAI as a primary ablation strategy in
all patients independently from AF type and (2) predictors of arrhythmia recurrence.
Methods
509 consecutive patients (mean age 57 years, 38.9% non-paroxysmal AF) with AF
underwent PVAI. In redo procedures, ablation was restricted to re-pulmonary vein (PV)
isolation in case of PV reconnection. If the PVs were found to be isolated, substrate
modification was performed.
Results
In total 774 procedures were performed. Mean follow-up duration after the first and last
ablation was respectively 66±23 and 55±25 months. A single PVAI was sufficient in
restoring and maintaining long-term sinus rhythm in 41.3% (n=210) of patients. Multiple
procedures (mean 1,5) with re-PV isolation increased long-term success to 58.3% (n=297).
Additional substrate modification (n=70) increased success to 62.5% (n=318). After the
last ablation, 87.5% of patients experienced success or significant clinical improvement
on or off antiarrhythmic drugs. The incidence of left sided atrial flutter or atrial tachycardia
was 5% after PVAI and increased to 32% after additional substrate modification.
Independent predictors for arrhythmia recurrence after the last ablation were nonparoxysmal AF, female sex, BMI, hypertension and AF-duration.
Conclusion
Five-year freedom of atrial tachyarrhythmia could be achieved by PVAI as primary ablation
strategy in 58,3% of patients. Additional substrate modification only moderately increased
overall success.
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INTRO DUCTION
Atrial fibrillation (AF) is the world’s most common cardiac arrhythmia. A variable
substrate, triggers and modulating factors are creating a pathogenic triangle embracing
AF. Rapidly firing ectopic foci, mainly located in the pulmonary veins (PVs), can initiate
AF.(1) Electrical, structural and functional remodeling contribute to atrial substrate which
may play a role in the maintenance of AF.(2) The cornerstone of catheter ablation of AF
is pulmonary vein antrum isolation (PVAI).(3) Blocking the ‘trigger’ by electrically isolating
the PVs can prevent the initiation of AF.(1) There is an ongoing discussion on whether
and when to add substrate modification to PVAI, especially in (longstanding) persistent
AF. Long-term follow-up studies of PVAI as a primary ablation strategy in large patient
cohorts are limited.(4-9)
We present 5-year follow-up data from a large single center cohort. The aim of this study
was to evaluate long-term efficacy of PVAI as a primary ablation strategy in all patients
independently from the type of AF. Also, predictors for arrhythmia recurrence will be
assessed.

3

METHODS
Study population
All consecutive patients suffering from symptomatic, drug-refractory or drug-intolerant AF
who underwent primary PVAI in the University Medical Center Utrecht from 2005 to 2011
were included in this study. Baseline and long-term follow-up data of 518 patients were
collected prospectively. This study was approved by the institutional review board.
Measurements
Baseline characteristics were collected prospectively and comprised age, sex, type of AF,
history of AF (years since AF was diagnosed), risk factors for cardiovascular disease,
presence of structural heart disease and left atrial (LA) size. Atrial fibrillation was classified
as paroxysmal, persistent or longstanding persistent according to the HRS/EHRA/ECAS
2012 Consensus Statement on Catheter and Surgical Ablation of AF.(3) Left atrial size was
assessed by echocardiography by measuring end-systolic LA diameter in the parasternal
long-axis view.
Ablation protocol during the initial procedure
In all patients independently from type of AF, the primary ablation strategy was PVAI without
additional linear lesions in the left atrium and/or ablation of complex fractionated atrial
electrograms (CFAE). If there was a history of documented atrial flutter (AFl), ablation of
the cavotricuspid isthmus was performed.
From 2005 to 2010, patients underwent magnetic resonance imaging (MRI) of the heart
in a preclinical stage to define LA and PV anatomy. Transoesophageal echocardiography
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was performed prior to the procedure to rule out left atrial appendage (LAA) thrombus.
From 2011, a computed tomography (CT) scan of the heart was used to assess both LA
and PV anatomy and LAA thrombus before ablation.
Antiarrhythmic drugs (AADs) were discontinued five half-lives prior to ablation. An exception
was made for amiodarone, which was continued due to its long half-life. At least 4 weeks
of systemic anticoagulation at a therapeutic level were required before the procedure.
Electrophysiological study
Electrophysiological study has been described previously.(10) In short, after trans-septal
puncture, an intravenous bolus of heparin (5000 IU) was administered, followed by
additional boluses to maintain an activated clotting time between 300 and 350s. An
irrigated tip catheter (ThermoCool® irrigated tip catheter or since the end of 2013
ThermoCool® SmartTouch™, Biosense Webster) was used to widely encircle the right and
left PVs at their antrum with point-by-point ablation lesions. Radiofrequency energy was
delivered with a maximum power of 40 W and a maximum temperature of 43°C. Irrigation
flow rate was 17ml/min. At the posterior wall, maximum power was limited to 30 W. The
endpoint of the ablation procedure was electrical isolation of all PVs as determined with a
circumferential mapping catheter. Pulmonary vein isolation had to be consistent 30 minutes
after the last RF application. Administration of adenosine to test for PV reconnection was
left to operators discretion. In case of persistence of AF, electrical cardioversion was applied
to restore sinus rhythm.
Ablation protocol during repeat procedure
A repeat procedure was recommended to patients with recurrences of atrial
tachyarrhythmias after a 3 months blanking period. In this procedure, PVs were checked
for reconnection. In case of PV reconnection, ablation was restricted to re-PV isolation
without additional substrate modification. In patients without PV reconnection, in whom
electrical cardioversion failed after re-isolation or in patients with macro-reentrant
tachycardias or atrial tachycardias (AT), additional ablation strategies were applied. Possible
strategies were based on observations made during electrophysiological study and
consisted of left atrial linear ablation of the roof (connecting both superior PVs) and the
mitral isthmus (mitral annulus to the ostium of the left inferior PV), ablation of non-PV
triggers (e.g. isolation of the superior vena cava [SVC]) and ablation of CFAE. If additional
lines were applied, endpoint was line completeness (bidirectional block).
Post ablation care
Oral anticoagulation was continued after ablation. Subcutaneous low molecular weight
heparin injections were given until a therapeutic international normalized ratio was
reached. All patients were treated with AADs for at least 3 months and with oral
anticoagulation for at least 6 months after ablation. Three months post-ablation, patient’s
rhythm status and cardiac medication were assessed. If patients were free of atrial
tachyarrhythmias, AADs were discontinued. Rhythm status off AADs was reassessed
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after 6 months. Anticoagulation therapy was individualized according to rhythm status
and the CHADS2 and CHA2DS2-VASc score.
Follow up
Patients were seen at the outpatient clinic at 3, 6, 12, and 24 months after the procedure.
Rhythm status was evaluated using patient’s history and a 12-lead electrocardiogram (ECG)
in every visit and with additional 48-h Holter recordings at 3 and 6 months. Additional Holter
recordings were left to the physician’s discretion and were frequently performed in case
of symptoms. Three months after ablation MRI/CT-scan was repeated to exclude PV
stenosis. In early 2014 all patients and/or their referring physicians were contacted to
assess for recurrence of symptoms and rhythm documentation. Patients who did not
respond or who could not be reached were considered lost to follow-up and excluded from
the study.

3

Outcomes
Possible long-term outcomes were success, clinical success or failure. Long-term success
was defined as freedom from atrial tachyarrhythmia recurrences following the 3-month
blanking period through a minimum of 36 months of follow-up from the date of the ablation
procedure in the absence of Class I and III AAD therapy. Recurrence is defined as the
occurrence of AF, AFl or AT of at least 30 s duration, documented by an ECG or device
recording system.(3)
Long-term clinical success was defined as a significant reduction in the number of AF
episodes, the duration of AF episodes, or the % time a patient is in AF in the presence or
absence of previously ineffective AAD therapy. Clinical success on top of success is
referred to as combined success.
Statistical analysis
Patient characteristics were reported as percentages, counts or mean ± SD, as appropriate.
Differences in categorical variables between groups were compared by the chi-square test.
The follow-up period was calculated from the date of the procedure to that of the outcome
event (atrial tachyarrhythmia recurrence) or censoring (end of follow-up and death) events.
The estimated event-free survival probabilities were calculated using Kaplan-Meier analysis.
Multivariate Cox regression was used to identify significant predictors of AF recurrence
after the first and last procedure. Based on known or expected clinical relevance, predictors
were selected for the multivariate prediction models. All potential predictors were entered
into the model, regardless of their statistical significance in univariate analysis. Multivariable
Cox regression models assume that continuous variables relate linearly to the response.
Restrictive cubic splines were used to detect non-linear associations between continuous
predictors and the outcome. The discriminative ability of the Cox models were evaluated
with the Harrell’s Concordance statistics (c-statistic)
A p-value <0.05 was considered statistical significant. Statistical analyses were performed
using SPSS 21.0 (IBM, Armonk, NY, USA).
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RESULTS
Of 518 consecutive patients, 9 (1.7%) could not be reached for the assessment of
arrhythmia recurrence and were excluded from this study. Patient characteristics are shown
in table 1.
Three hundred and eleven patients (61.1%) suffered from paroxysmal atrial fibrillation (PAF).
Of the 198 patients with non-PAF, 130 (25.5% of the total population) had persistent AF
and 68 (13.4% of the total population) had longstanding persistent AF.
A total of 774 procedures were performed, with a mean of 1.5 per patient. Three hundred
and one patients had 1 and 208 had multiple procedures, of which 160 had 2, 39 had 3 and
9 had 4 ablations.

Table 1. Baseline characteristics
Demographics (n=509)
Male sex

386 (75.8%)

Age at first ablation, years

57±9.7

PAF

311 (61.1%)

Persistent AF

130 (25.5%)

Longstanding persistent AF

68 (13.4%)

History of AF, years

6.9±6.1

BMI, kg/m2

27±4.3

Hypertension

168 (33.0%)

Diabetes mellitus

29 (5.7%)

Hypercholesterolemia

111 (21.8%)

Atrial flutter

140 (27.5%)

Structural heart disease
Ischaemic

41 (8.1%)

Valvular

10 (2.0%)

HCM

8 (1.6%)

DCM

3 (0.6%)

AVRC

1 (0.2%)

Non-compaction

1 (0.2%)

Congestive heart failure

28 (5.5%)

Lone AF

117 (23.0%)

CHA2DS2-VASc score

1.1±1.2

LA size, mm

43.1±6.1

Data are expressed as mean±standard deviation or as number (percentage). AF: atrial fibrillation, BMI:
body mass index, HCM: hypertrophic cardiomyopathy, DCM: dilated cardiomyopathy, ARVC: arrhythmogenic
right ventricular cardiomyopathy, LA: left atrium
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Mean procedure duration from femoral vein access to catheter withdrawal was 248±76
min, mean fluoroscopy time was 39.3 ±18.8 min. Complications occurred in 6.8% of
procedures (table 2). One patient (0.1%) died suddenly 5 weeks after the procedure.
Autopsy revealed a peri-epicarditis with significant pericardial effusion. During follow-up
another 22 patients died. These deaths were not related to catheter ablation, with cancer
being the leading cause of death.

3
Table 2. Complications in 774 procedures
Complication

N (%)

Vascular complications

17 (2.2%)

Significant pulmonary vein stenosis of >50%

16 (2.1%)

Pericarditis

2 (0.3%)

Pericardial effusion

11 (1.4%)

Leading to tamponade requiring pericardiocentesis

10 (1.3%)

Stroke

1 (0.1%)

TIA

2 (0.3%)

Anafylactic reaction on medication

2 (0.3%)

Myocardial infarction

1 (0.1%)

Death

1 (0.1%)

TIA: transient ischemic attack

Outcomes after a single PVAI
During the first procedure, successful electrical isolation of all PVs could be achieved in
99.4% of patients. During a mean follow-up of 66±23 months (5.5 years), a single PVAI
without additional substrate modification was sufficient in restoring and maintaining longterm sinus rhythm in 41.3% (n=210) of patients. Long-term success was significantly
greater in PAF (48.6%) compared with persistent (33.1%) and longstanding persistent AF
(23.5%), as shown in figure 1A (significance was found pairwise in all groups).
Most recurrences (61%) occurred within 12 months after ablation, although late recurrences,
> 3 years after ablation were seen in 14%. Predictors of AF recurrence are shown in table
3. After a single procedure, persistent AF (HR: 1.52, 95% CI: 1.16-1.99), longstanding
persistent AF (HR: 2.01, 95% CI: 1.44-2.80), and history of AF (HR: 1.02, 95% CI: 1.01-1.04)
independently predicted arrhythmia recurrences. The c-statistic was 0.59.
Outcomes after one or multiple procedures
Out of the total patient group of 509 patients, 58,7% (n=299) experienced recurrence of
atrial tachyarrhythmias after the first procedure and 40.9% (n=208) underwent at least one
repeat procedure. That implies that 91 out of 299 patients (30%) with arrhythmia recurrence
after the first ablation chose not to undergo a redo procedure.
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During a mean follow-up of 55±25 months (4.5 years) after the last procedure, total success
after multiple procedures was 62.5% (n=318): 72.3% in PAF, 50.0% in persistent AF and
41.2% in longstanding persistent AF (figure 1B).
PVAI alone
As reported above, a single PVAI without additional substrate modification restored and
maintained long-term sinus rhythm in 41.3% (n=210) of patients. Repeated PVAIs without
additional ablations increased success to 58.3% (n=297) in the total group of 509 patients:
PAF:67.8%, persistent AF: 46.2%, longstanding persistent AF: 38.2% (table 4).

Figure 1. Estimated event-free survival probabilities after first PVAI (A) and last ablation (B) in patients suffering
from paroxysmal, persistent and longstanding persistent AF.
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That means that of the 318 patients with successful ablation, PVAI alone was performed
in 93.4% (PAF:92.3%, persistent AF: 93.8%, longstanding persistent: 92.9%).
At the second procedure, reconnection of the PVs was present in 89.4% of patients and
re- PV isolation was performed. Pulmonary vein reconnection at the start of the first redo
procedure was more often found in PAF (93.6%) compared with non-PAF (persistent AF
86.4%, longstanding persistent AF 82.1%). Pulmonary vein reconnection was found in
58.3% of patients during the third and in 33.3% of patients during the fourth procedure
(table 5).

3

Table 3. Predictors of recurrence of atrial tachyarrhythmia after a single PVAI and after the last ablation
Predictors

After a single PVAI

After the last ablation

Multivariate
HR

95% CI

P-value

Multivariate
HR

95% CI

P-value

Female sex

1.30

0.98-1.71

0.065

1.47

1.04-2.08

0.029

Age at first ablation, y

1.00

0.99-1.02

0.822

1.00

0.99-1.02

0.307

Persistent AF

1.52

1.16-1.99

0.000

2.19

1.56-306

0.000

Longstanding persistent AF

2.01

1.44-2.80

0.000

2.94

1.96-4.39

0.000

History of AF, y

1.02

1.01-1.04

0.019

1.03

1.01-1.05

0.001

BMI

0.99

0.96-1.02

0.480

0.98

0.95-1.02

0.403

BMI

*

*

*

1.02

1.01-1.03

0.006

Hypertension

1.20

0.92-1.56

0.175

1.57

1.13-2.18

0.007

Diabetes Mellitus

0.73

0.41-1.31

0.734

0.63

0.29-1.37

0.243

Hypercholesterolemia

1.04

0.77-1.40

0.807

0.84

0.56-1.26

0.394

0.83

0.52-1.31

0.417

0.94

0.53-1.69

0.846

Lone AF

1.01

0.71-1.45

0.938

1.22

0.78-1.92

0.376

LA size, mm

1.02

0.99-1.04

0.072

1.02

0.99-1.04

0.179

2

Structural heart disease
Ischaemic

HR: Hazard ratio, CI: confidence interval, BMI : because of the parabolic response of BMI after the last
ablation, square BMI is used. *Not included in the model
2

Additional ablation strategies
Additional ablation strategies were applied in 70 patients and in 34% of all redo procedures.
In 30% (n=21) of these 70 patients, long-term sinus rhythm was successfully restored and
maintained. In the total patient group of 509 patients, additional substrate modification
increased success to 62,5% (n=318). Thus, additional ablation added 4,2% to total longterm success. All additional strategies were more often used in non-PAF patients (PAF:
22.2% vs. Persistent AF: 39% vs. longstanding persistent AF: 54.7%), although it led to
significantly higher long-term success in PAF (53.8% vs. 20.8% vs 10% p: 0.003).
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Linear LA ablation was performed in 26% of redo procedures: roofline between the superior
PVs in 21,6%, LA-isthmus line between the left inferior PV and the mitral annulus in 12.9%.
Complex fractionated atrial electrograms ablation was performed in 16.7% of redo
procedures. In 2.7% of redo procedures a non-PV trigger was found in the SVC with
subsequent isolation of the SVC (table 5).
Clinical success
After the last procedures, long-term clinical success , as defined above, was found in 25%
of 509 patients (n=127). Of these patients, 66.9% were still on AAD therapy. That means
that combined success (success and/or clinical success) could be achieved in 87.5% of
the total patient group (PAF: 92.6%, persistent AF: 84.6%, longstanding persistent: 69.1%,
table 4). Finally, in 12.6% of 509 patients (n=64), one or multiple catheter ablation
procedures resulted in failure (PAF: 7.4% vs. persistent AF: 15.4% vs. longstanding
persistent AF: 30.9%). An overview of results is shown in figure 2.

Table 4. Results after a single PVAI, multiple re-PV isolations and substrate modification in patients
suffering from paroxysmal, persistent and longstanding persistent atrial fibrillation
PAF

Persistent AF
(n=130)
(%)

Longstanding
persistent AF
(n=68)
(%)

Total
(n=509)
(%)

(n=311)
(%)
Success after single PVAI
Success after multiple
re-PV isolations

48.6

33.1

23.5

41.3

67.8

46.2

38.2

58.3

Total success including
substrate modification

72.3

50.0

41.2

62.5

Combined success after
the last procedure*

92.6

84.6

69.1

87.5

*success + clinical success
Table 5. Redo procedure characteristics
2nd procedure
(n=208)
(%)

3rd procedure
(n=48)
(%)

4th procedure
(n=9)
(%)

All redo procedures
(n=265)
(%)
50.9

PAF

52.9

41.7

33.3

PV reconnection*

89.4

58.3

33.3

81.9

Additional ablations†

25.5

58,3

88.9

33.6

Ablation of CFAE

10.6

33.3

44.4

15.8

Roofline

16.8

33.3

66.7

21.5

LA isthmus

10.1

18.8

44.4

12.8

SVC isolation

1.9

6.3

0

2.6

* Most reconnection occurred in the RIPV, †Multiple additional ablations could be applied in a single
patient, CFAE: complex fractionated atrial electrograms, LA: left atrium, SVC: superior vena cava
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Figure 2. Outcomes after last ablation in patients suffering from paroxysmal, persistent and longstanding
persistent A

3

Left atrial tachyarrhythmias
After one or multiple PVAIs without additional substrate modification or linear ablation,
most recurrences were based on AF (90.3%). Right-sided AFl occurred in 14 patients
(4.7%). Fifteen patients (5%) experienced left-sided atrial macro-re-entry tachycardia (n=12)
or focal left-sided AT (n=3). After substrate modification recurrences were based on left
sided atrial macro-re-entry tachycardia in 10% of patients and on focal left sided AT (microre-entry) in 22% of patients.
Predictors of atrial fibrillation recurrence after the last ablation
Cubic spline functions showed a non-linear association of body mass index (BMI) with the
outcome, resembling a parabolic form. For ease of interpretation, we therefore added BMI
squared to the Cox regression model. Female sex (HR: 1.47, 95% CI: 1.04-2.08) persistent
AF (HR:2.19, 95% CI: 1.56-306), longstanding persistent AF (HR: 2.94, 95% CI: 1.96-4.39),
history of AF (HR: 1.03, 95% CI: 1.01-1.05), BMI2 (HR: 1.02, 95% CI: 1.01-1.03) and
hypertension (HR:1.57, 95% CI: 1.13-2.18) independently predicted arrhythmia recurrence
after the last ablation procedure (table 3). The c-statistic was 0.68.

DISCUSSION
Main findings
Our study showed that 5-year freedom of atrial tachyarrhythmias could be achieved by
PVAI as a primary ablation strategy in 58.3% of patients suffering from AF, although 40.9%
of patients underwent multiple procedures. Thirty per cent (n=91) of patients with
recurrence of atrial tachyarrhythmias after the first ablation chose not to undergo a redo
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procedure. Therefore, success of PVAI after multiple procedures may be underestimated.
Success was highest in patients with PAF (67.8%) and decreased to 38.2% in patients
with longstanding persistent AF. Additional and sometimes extensive substrate modification
was performed in 34% of all redo procedures but added only 4,2% to total long-term
success (62.5%). Another 25% of patients showed significant clinical improvement, which
implies that combined success was achieved in 87.5% of patients. Left-sided atrial macrore-entry and AT were an uncommon finding after PVAI alone (5%) but their incidence
increased to 32% after additional substrate modification. These results support the
importance of PVAI even in patients with persistent and longstanding persistent AF, and
emphasize that the role of additional substrate modification is still controversial.
Predictors for arrhythmia recurrence after the last ablation were non-PAF, history of AF,
female sex, hypertension and BMI. The complication rate is comparable with previous
studies. (11)
Previous studies focusing on PVAI as a primary ablation strategy
Previous studies with PVAI as a primary ablation strategy showed 29-57% long-term
success after one ablation in PAF.(4, 5, 7-9) Medi et al. (n=100) and Gaita et al. (n=41)
showed that multiple re-PV isolations without additional ablations increased success to 57
and 62%, respectively.(5, 8)
Two studies described long-term follow-up after PVAI as a primary ablation strategy in
non-PAF. Tilz et al. included 202 patients suffering from longstanding persistent AF. After
a median follow-up of 56 months, multiple PV-isolations established long-term sinus rhythm
in 24.3% of patients.(6) In a small study of 26 patients with (longstanding) persistent AF,
Gaita et al. reported a 3-year success of 39% after multiple PV isolations.(8)
Second-generation cryoballoon ablation has shown comparable results in PAF patients.
Only recently, cryoballoon ablation was studied in patients with persistent AF. After a single
procedure, reported clinical success after 12 months was up to 69%.(12) No randomized
controlled trials have yet been performed comparing radiofrequency ablation with
cryoballoon ablation.
Additional substrate modification
In our study, patients with non-PAF showed higher recurrence rates compared with patients
with PAF after PVAI alone. Moreover, at redo procedures isolated PVs were more often
found in the non-PAF group. These findings support the hypothesis that an atrial substrate
has a greater role in the initiation and maintenance of in non-PAF patients. Nevertheless,
additional substrate modification only moderately increased success rates.
Recently, two multicenter randomized controlled trials compared the efficacy of adding
substrate modification to PVAI in non-PAF patients. The STAR-AF II trial (n=589) compared
the efficacy of three different primary ablation strategies in patients with (longstanding)
persistent AF. After 18 months of follow-up, no benefit was found in AF reduction when
additional substrate ablation (CFAE or lines) was performed on top of PVAI.(13) The RADARAF trial (n=117, follow-up of 12 months) showed no differences in success rates between
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PVAI alone versus PVAI and ablation of high frequency sources; ‘drivers’ in patients with
persistent AF.(14)
A different ablation strategy in non-PAF patients is the ‘stepwise approach’. After PVAI,
extensive substrate modification is performed with termination of AF as a procedural
endpoint.(15) Recently, two cohort studies revealed 5-year follow-up data of the ‘stepwise
approach’ in (longstanding) persistent AF patients.(16, 17) Fairly large differences in success
off AADs after multiple ablations (mean of 2.1 in both studies) were found. Schreiber et
al. (n=489) showed 46% success, whereas 64.7% of the patients in the study of Scherr
et al. (n=150) were free of arrhythmia recurrence. No randomized trials comparing the
stepwise approach and PVAI as a primary ablation strategy are performed yet.

3

Predictors for arrhythmia recurrence
Predictors for recurrence after both the first and last ablation were: non-PAF and history
of AF. Female sex, hypertension and BMI were additional independent predictors for
recurrence after the last ablation. A meta-analysis of 13 studies showed similar independent
predictors: non-PAF (7 studies), female sex (4 studies) hypertension (3 studies) and BMI
(1 study). Two other predictors were age (4 studies) and LA size (3 studies).(18) These two
factors did not predict AF recurrence in our patient group. We assessed LA size on
echocardiography by measuring end-systolic LA diameter in the parasternal long axis view
but recent reports showed that this parameter correlates poorly with true LA volume.(19)
After the first ablation, recurrence is not well predictable (Harrell’s C: 0.59). This might be
due to the arbitrariness in PV reconnection, which diminishes after multiple procedures.
Clinical implications
The definition of long-term success is strict; patients must be free of atrial tachyarrhythmias
for at least 36 months off AAD therapy.(3) Although this strict definition is essential in
comparing outcomes of different ablation strategies in clinical research, it does not fully
represent the patient’s perspective on the treatment. In spite of (infrequent) arrhythmia
recurrences, patients often experience significant clinical improvement and describe the
treatment as successful. Therefore, clinical success (on top of success) is an important
outcome. Our study showed that combined success was 87.5% in the total population.
Thus, PVAI can eliminate AF or can significantly improve clinical complaints, reduce the
number or duration of AF episodes, or the need of AAD therapy in most patients.
The particular strength of this study is that these results are achieved with a consistent
primary ablation strategy; PVAI without additional substrate modification. If substrate
modification would have been part of the primary ablation strategy, a large number of
patients – particularly patients with PAF, but also with persistent and longstanding persistent
AF - would have received unnecessary extensive ablations. More extensive ablation
strategies have the risk of inducing regular left sided AFl or AT in up to 40% of patients.
(15) These tachycardias are often more difficult to treat by catheter ablation than the initial
arrhythmia. In our study, only 5% of recurrences after PVAI were based on left sided AFl
or AT. These results are comparable with previous studies.(20) Yet, long-term outcomes
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after PVAI alone especially in longstanding persistent AF remain moderate and the optimal
ablation strategy in this subset of patients is still waiting to be defined. Routine contactforce and adenosine guided PVAI may increase success and avoid repeated ablation
procedures.
Potential limitations
(1) This is a single-center, non-randomized report with the associated limitations of this
study design. However, we had no selection bias because all consecutive patients
undergoing primary PVAI for AF at our center were included for analysis.
(2) During this study, technical developments may have influenced the results (i.e. the
introduction of contact force ablation catheters during the last months of the study and
the limited use of adenosine in early years of the study).
(3) Duration and intensity of arrhythmia monitoring influences the likelihood of detection
of AF during follow-up. Our follow-up was based on clinical evaluation and 48-h Holter ECG
recordings. Some paroxysmal asymptomatic episodes of AF may have been missed.

CONCLUSION
Five-year freedom of atrial tachyarrhythmias off AADs could be achieved by PVAI alone in
58.3% of patients suffering from AF. Additional substrate modification only moderately
increased overall long-term success. After the last ablation, 87.5% of patients experienced
success or significant clinical improvement. During follow-up, the incidence of left sided
AFl and AT was 5% after PVAI alone, but increased to 32% after additional substrate
modification. Female sex, non-PAF, BMI, hypertension and history of AF before the first
ablation were independent predictors of recurrence of atrial tachyarrhythmias after multiple
catheter ablations.
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ABSTRACT
Aims
Patients who failed radiofrequency catheter ablation (RFCA) of atrial fibrillation (AF) have
been described poorly. We analyzed and characterized patients who ultimately did not
benefit from treatment and focused on clinical decisions made.
Methods
From 2005-2013, 713 patients underwent RFCA. Primary ablation strategy was pulmonary
vein antrum isolation (PVAI) alone. If necessary, substrate modification was added in redo
procedures. Treatment was considered failed if it did not result in success or significant
clinical improvement with marked reduction of arrhythmia burden (clinical success).
Results
After the last ablation (median follow-up: 42 months), 253 of 713 patients (35.5%)
experienced atrial tachyarrhythmia recurrences. Of these 253 patients, 185 achieved clinical
success and no further ablation procedures were performed. In the remaining 68 patients
(9.5%), RFCA failed to significantly reduce AF burden. Of these 68 patients, 43 underwent
PVAI alone without extensive substrate modification (one or multiple procedures) and
eventually accepted paroxysms of AF or chose rate control over redo ablation. In 25 patients
(3.5% of the total population), RFCA ‘truly failed’ after multiple ablation procedures with
extensive additional substrate modification (mean 3.0±0.8). Significant predictors for ‘true
failure’ were longstanding persistent AF, continuously present AF prior to the first ablation
and LA size.
Conclusion
After one or multiple procedures, RFCA was considered failed in 9.5% of patients. However,
in most of these patients, acceptance of AF was chosen over repeated and potentially
extensive RFCA. Eventually, RFCA ‘truly failed’ in only 3.5%. These patients had mostly
longstanding persistent AF and a severely enlarged LA.
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INTRO DUCTION
Radiofrequency catheter ablation (RFCA) is a well-established treatment option in patients
suffering from symptomatic, drug refractory atrial fibrillation (AF). Single procedure success
is modest with high recurrence rates of atrial tachyarrhythmias.(1-6) Over the years,
different RFCA strategies have emerged. Although the best strategy is hitherto undefined,
the first step is usually pulmonary vein antrum isolation (PVAI).(7) In case of AF persistence
after PVAI, additional ablations can be performed during the same procedure or in
subsequent procedures, generally stepwise going from less extensive to more extensive
ablations. Besides additional ablations, other treatment strategies may be chosen like antiarrhythmic drug (AAD) therapy to suppress recurrences, acceptance of AF with adequate
rate-control and treatment of related comorbidity. If a chosen treatment strategy fails,
further clinical decision making is influenced by many factors, including patient’s AF burden,
symptoms and preferences, and physician’s choices.
After one or multiple RFCA procedures, patients can experience different outcomes. They
can be completely free from atrial tachyarrhythmias (success) or they can suffer from
arrhythmia recurrences but experience great clinical improvement with a significant
reduction of AF burden (clinical success).(7) In patients with recurrences and without
significant clinical improvement and reduced AF burden, RFCA is considered failed.(7)
Failure of RFCA is independent of the applied CA strategy and number of procedures. If
patients refrain from additional ablation treatment after unsuccessful primary PVAI, RFCA
is considered failed even though success could presumably have been achieved with rePVAI or additional ablations. Therefore, RFCA ‘truly’ fails if patients experience recurrence
of atrial tachyarrhythmias after all possible ablation options have been applied. This aspect
is usually not considered in studies reporting outcomes of RFCA.
Several long-term follow-up studies have shown clinical predictors for recurrences of atrial
tachyarrhythmias. However, none of these studies has identified predictors for ‘true’ failure
of RFCA. Characteristics of patients who eventually fail RFCA are therefore mostly
unknown.
This study analyzes a large cohort of patients with arrhythmia recurrences after single or
multiple ablations. Study objectives are to (1) quantify and (2) characterize patients who
failed RFCA treatment, (3) analyze predictors for ‘true’ failure and (4) focus on clinical
decision making.

4

METHODS
Study population
All consecutive patients suffering from symptomatic, drug-refractory or drug-intolerant AF
who underwent primary RFCA in the University Medical Center Utrecht (UMCU) from 2005
to 2013 were included in this study. Baseline and long-term follow-up data of 736 patients
were collected. This study was approved by the institutional review board.
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Baseline measurements
Prior to the first ablation, baseline characteristics were collected prospectively. They
included sex, age, type of AF, duration of (longstanding) persistent AF prior to the first
ablation in months, history of AF (years since AF was diagnosed), cardiovascular risk factors,
structural heart disease and left atrial (LA) size (end-systolic LA diameter in the parasternal
long axis view on echocardiography). AF type was classified as paroxysmal (PAF), persistent
or longstanding persistent according to the 2012 HRS/EHRA/ECAS Consensus Statement
on Catheter and Surgical Ablation of AF.(7)
Ablation strategy during index and repeat procedures
In all patients, primary ablation strategy was PVAI without additional ablation of complex
fractionated atrial electrograms (CFAEs) and without linear ablation lesions in the LA.
Ablation of the cavotricuspid isthmus was performed in case there was a history of
documented atrial flutter (AFl). This treatment strategy was consistent over the complete
duration of the study.
In patients with recurrences of atrial tachyarrhythmias, a redo-procedure was considered.
In all redo procedures, PVs were checked for reconnection. In case of PV reconnection,
ablation was restricted to re-PV isolation. Only in patients without PV reconnection, patients
in whom electrical cardioversion failed to restore sinus rhythm after re-PV isolation or
patients with macro-reentry tachycardias or atrial tachycardias (AT), additional ablations
were performed. Additional ablations were performed based on observations made during
electrophysiological study like the presence of macro-reentry tachycardias, areas with
fractionated electrograms or non-PV triggers. If linear ablation lesions were applied, line
completeness (bidirectional block) was the endpoint. Endpoint of CFAE ablation was
elimination of CFAE at the targeted site.
The ablation procedure
Pre-ablation workup, electrophysiological study (EPS) and post-ablation care have been
described previously.(5, 8) In short, an octapolar catheter was positioned in the coronary
sinus. A circular decapolar mapping catheter (Lasso® Non-NAV or NAV eco Catheter,
Biosense Webster, Diamond Bar, CA, USA) was used for LA reconstruction and confirmation
of PVAI. A three dimensional cardiac mapping system (Carto®; Biosense Webster, or
EnSite™ NavXTM; St. Jude Medical Inc., St Paul, MN, USA) was used to obtain a threedimensional reconstruction of the LA, including the LAA and the PVs. An irrigated tip
catheter (ThermoCool® irrigated tip catheter or since 2013 ThermoCool® SmartTouch™,
Biosense Webster) was used to widely encircled the left and right PVs at their antrum.
Follow-up of patients
Patients were seen at the outpatient clinic at 3, 6, 12, and 24 months after the ablation
procedure. Patient’s rhythm status was evaluated using patient’s history and a 12-lead
electrocardiogram in every visit and with additional 48-hour Holter recordings at 3 and 6
months. Performance of additional Holter recordings were left to the physician’s discretion
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and were frequently performed in case of suspected symptoms.
In 2014 and 2015, all patients and/or their referring physicians were contacted to assess
recurrence of symptoms, rhythm documentation and arrhythmia burden. In case of
recurrence of atrial tachyarrhythmias, reasons for not undergoing a redo-procedure were
clarified. Patients who did not respond and who could not be reached were considered
lost to follow-up and excluded from the study.
Clinical decision making
In case of recurrence of atrial tachyarrhythmias after primary PVAI, treatment options were
deliberated with the patient and comprised repeated RFCA or conservative treatment.
Conservative treatment could be acceptance of atrial fibrillation with adequate rate control,
or rhythm control with AADs and electrical cardioversions if necessary. A treatment decision
was made in consultation with the patient after careful consideration of symptoms, patients
preference and prospect of success. Expected outcome of repeated RFCA was discussed
based on patient’s characteristics (e.g. AF type and LA size), current literature and our own
experience.

4

Outcomes
Outcomes were defined according to the 2012 HRS/EHRA/ECAS expert consensus
statement and comprised success, clinical success or failure. Success was defined as
complete freedom from AF, AFl or AT recurrences following the 3-month blanking period
in the absence of Class I and III AAD therapy.(7) In case recurrences occurred, patient’s
arrhythmia burden prior to the ablation treatment was compared with current arrhythmia
burden. AF burden was determined by patient’s history and 48 hour Holter recordings.
When a patient experienced significant clinical improvement with at least 75% reduction
in the number of AF episodes, the duration of AF episodes, or the % of time a patient is
in AF, the ablation procedure was considered clinically successful. If one or multiple RFCA
procedures did not result in success or significant clinical improvement with marked
reduction of arrhythmia burden, the treatment was considered failed.(7)
Statistics
Patient characteristics were reported as percentages, counts, median (25th—75th
percentile) or mean ± SD, as appropriate. The follow-up period was calculated from the
date of the procedure to the end of follow-up. Logistic regression analysis was performed
to identify significant predictors of true failure after the last ablation. Variables achieving
statistical significance in univariate testing were used for multivariate logistic regression
analysis. The predictive accuracy of the significant predicting factors was identified using
the area under the receiver operating characteristic (ROC) curve. A p-value <0.05 was
considered statistical significant. Statistical analyses were performed using SPSS 21.0
(IBM, Armonk, NY, USA).
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RESULTS
Seven hundred thirty-six consecutive
patients underwent primary PVAI in the
UMCU between 2005 and 2013. Twentythree patients (3.1%) were lost to followup. Baseline characteristics of the 713
included patients are shown in table 1. Of
all patients, 59.7% suffered from PAF,
28.2% from persistent AF and 12.1% from
longstanding persistent AF. In (longstanding)
persistent AF patients, AF was continuously
present for a median of 3 months (0-12)
prior to the first ablation. Fourteen percent
of patients had structural heart disease.
Median LA size was 43 (39-47) mm.

Table 1. Baseline characteristics
Demographics (n=713)
Male sex

536 (75.2%)

Age at first ablation, years

57.7±9.8

AF type
Paroxysmal

426 (59.7%)

Persistent

201 (28.2%)

Longstanding persistent

86 (12.1%)

Duration of persistent AF, months

3 (0-12)

History of AF, years

5 (2-9)

BMI, kg/m2

27.1±4.2

Hypertension

244 (34.2%)

Diabetes mellitus

49 (6.9%)

Hypercholesterolemia

152 (21.3%)

Recurrences after the first ablation
Atrial flutter
200 (28.1%)
After primary PVAI in 713 patients, atrial
Structural heart disease
102 (14.3%)
tachyarrhythmias recurred in 410 patients
Lone AF
170 (23.8%)
(57.6%). Of these 410 patients, 289
LA size, mm
43 (39-47)
(70.5%) underwent at least one redo
Data
are
expressed
as
number
(percentage),
procedure and 121 (29.5%) chose not to
mean±standard deviation or median (25th-75th
undergo a repeat procedure. Of the 121
percentile). AF: atrial fibrillation, BMI: body mass
patients who chose not to undergo a redo
index, LA: left atrium. History of AF: years since AF
was diagnosed.
procedure, 102 experienced significant
clinical benefit with reduced AF burden and
qualified for clinical success. In the remaining 19 patients primary PVAI failed. Main reason
for these failure patients not to undergo a second procedure was mildness of symptoms (8
of 19 patients). In these 19 patients, median time to recurrence of atrial tachyarrhythmias
after PVAI was 23 (6-35) months. In 12 of the 19 patients, arrhythmias recurred after they
were discharged from follow-up in our outpatient clinic and further treatment options were
discussed by the referring physician. They were not referred for a redo-ablation. Eight of the
19 failure patients had paroxysmal AF (42.1%), 5 persistent AF (26.3%) and 6 longstanding
persistent AF (31.6%). Of the 8 PAF patients, 2 progressed to persistent AF and 1 to
permanent AF. The 5 patients with persistent AF all progressed to permanent AF.
Recurrences after redo procedures
Of the total cohort of 713 patients, 289 (40.5%) underwent multiple RFCA procedures.
In these 289 patients, recurrence of atrial tachyarrhythmias after the last redo procedure
occurred in 132 patients (45.7%). Of these 132 patients, 83 experienced clinical success
and in 49 multiple RFCA procedures failed to significantly reduce symptoms and AF burden.
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Figure 1. Overview of results in 713 patients. Possible outcomes comprised success, clinical success and
failure. *The applied ablations in the 68 failure patients are further specified in figure 2.

4

Overview of outcomes after the last ablation procedure
An overview of results after one or multiple procedures is shown in figure 1. Median followup after the last ablation was 42 months (29-64). After the last procedure, 460 patients
(64.5%) were in constant sinus rhythm off AADs and 253 (35.5%) patients had arrhythmia
recurrences. Of these 253 patients with recurrences, 185 (25.9% of the total population)
experienced clinical success and refrained from further invasive treatment. In 68 patients
(9.5% of the total population) one or multiple procedures were considered failed.
Clinical decision making
Of the total patient cohort, RFCA was considered failed in 68 patients (figure 1). In all 68
patients, redo-ablations were discussed by their physician, including extensive substrate
modification if necessary. Of the 68 failure patients, 43 chose to refrain from redo-ablations
with potentially extensive substrate modification. These patients accepted their AF burden
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or chose rate-control. Of these 43 patients, 19 underwent only 1 PVAI, 15 underwent >1
PVAI without additional substrate modification, 6 patients underwent >1 PVAI with one
additional linear ablation lesion (roofline/mitral isthmus line) and 3 underwent unsuccessful
surgical MAZE concomitant to other heart surgery. Only in the remaining 25 failure patients
(3.5% of the total population) extensive substrate modification was performed. In these
25 patients RFCA was considered truly failed (figure 2).
Arguments for not undergoing a redo-procedure are mentioned in table 2. The main reason
was mildness of symptoms (n=19).

Figure 2. Distribution of applied ablations in 68 failure patients.

Characteristics of ‘true failure’ patients
In 25 of the 68 patients in which catheter ablation was considered failed, extensive
substrate modification on top of PVAI was applied in one or more redo procedures (mean
total procedures of 3.0±0.8). The applied substrate modification was extensive CFAE
ablation and a roofline in all 25 patients and a mitral isthmus line in 18 patients in at least
one redo procedure.
Median time to recurrence of atrial tachyarrhythmias after the last ablation was 4 (2-8)
months. Characteristics of the 25 ‘true failure’ patients are shown in table 3. Fifteen patients
(60%) suffered from longstanding persistent AF and 7 (28%) from persistent AF. Prior to
the first ablation, AF was persistently present for 15 months (8-37). In 4 of the 7 patients
with persistent AF, AF was continuously present >6 months. Median LA size was 50 (4353) mm.
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Table 2. Rationale not to undergo a redo procedure (n=43)
Reason

Number of patients

Mild symptoms

19 (44.2%)

Unknown

7 (16.3%)

Still considering a redo-procedure

5 (11.7%)

Phycisian’s advice

3 (7.0%)

Severe comorbidity

3 (7.0%)

Bad experience with prior ablation procedure

3 (7.0%)

Favours continuous AF above the insecurity of possible paroxysms of AF

2 (4.7%)

High age

1 (2.3%)

4

Table 3. Characteristics of failure patients (n=68)
Demographics

‘True’ failure (n=25)

Other failures (n=43)

Male

16 (64%)

28 (65%)

Age at first ablation, years

57±11

60±9

Paroxysmal

3 (12%)

18 (42%)

Persistent

7 (28%)

15 (35%)

Longstanding persistent

15 (60%)

10 (23%)

Duration of persistent AF, months

15 (8-37)

7 (0-17)

History of AF, years

5 (1.5-12.5)

7 (3-16)

BMI

27±4.6

28±5.3

Hypertension

8 (32%)

22 (51%)

Diabetes mellitus

0

3 (7%)

Hypercholesterolemia

6 (24%)

7 (16%)

Atrial flutter

3 (12%)

8 (19%)

Structural heart disease

5 (20%)

10(23%)

Lone AF

7 (28%)

8 (19%)

LA size, mm

50 (43-53)

46 (41-49)

AF type

Data are expressed as mean±standard deviation, median (25th-75th percentile) or as number (percentage). AF:
atrial fibrillation, BMI: body mass index, LA: left atrium, History of AF: years since AF was diagnosed.

Predictors of ‘true failure’
Significant independent predictors for RFCA to truly fail are listed in table 4. They
comprised longstanding persistent AF (OR: 10.4, 95% CI: 2.50-43.52), continuously
present AF prior to the first ablation in months (OR: 1.02, 95% CI: 1.002-1.03) and LA size
(OR: 1.10, 95% CI: 1.03-1.18). The ROC-curve of the prediction model containing the
significant independent predictors longstanding persistent AF, continuously present AF
in months and LA size is shown in figure 3. The area under the ROC-curve is 0.839 (95%
CI: 0.742 to 0.937, p: <0.001).
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Figure 3. ROC-curve of the prediction model containing the significant independent predictors longstanding
persistent AF, continuously present AF in months and LA size. Area under the curve: 0.839 (95% CI, 0.742
to 0.937, p=<0.001).

DISCUSSION
Main outcomes
After the last ablation (one or multiple), with PVAI alone being the primary ablation
strategy in all 713 patients, recurrences of atrial tachyarrhythmias occurred in 253 patients
(35.5%). Most of these patients experienced clinical success with a marked reduction
in AF burden. Ultimately, in 68 patients (9.5%) RFCA was considered failed. Yet, of these
68 failure patients, 43 underwent PVAI only (one or multiple procedures) without additional
extensive substrate modification. They chose conservative treatment, even though a
better outcome could presumably have been achieved with PV re-isolation or additional
ablation strategies. Eventually, only in 25 patients (3.5%) of the total cohort RFCA ‘truly’
failed after extensive additional substrate modification on top of PVAI. These patients
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Table 4. Predictors of ‘true’ failure
Predictors

Univariate
OR

95% CI

P-value Multivariate
OR

Female

1.804

0.78-4.16

0.166

Age at first ablation, years

0.982

0.95-1.02

0.371
0.020

95% CI

P-value

Persistent AF

5.023

1.29-19.62

3.833

0.97-15.22 0.056

Longstanding persistent AF

30.775

8.69-109.01 0.000

10.433

2.50-43.52 0.001

1.015

1.002-1.03 0.026

Duration of persistent AF, months 1.032

1.02-1.04

0.000

History of AF, years

1.031

0.97-1.09

0.293

BMI

1.003

0.92-1.10

0.952

Hypertension

0.901

0.38-2.12

0.810

Diabetes mellitus

0.000

0

0.997

Hypercholesterolemia

1.161

0.46-2.96

0.754

Structural heart disease

0.961

0.22-4.18

0.958

Lone AF

1.247

0.51-3.04

0.627

LA size, mm

1.148

1.08-1.22

0.000

4

1.104

1.03-1.18

0.004

OR: odds ratio, CI: confidence interval
AF: atrial fibrillation, BMI: body mass index, LA: left atrium,

had mostly (longstanding) persistent AF (88%). In most patients, AF was continuously
present for >6 months prior to the first ablation with a median of 15 months (8-37) and
the LA was severely enlarged.
Predictors of failure
A part of our study population has been studied previously.(5) In that study, focus was on
success of PVAI as a primary ablation strategy. Multivariate cox regression analysis was
performed to identify predictors for recurrence of atrial tachyarrhythmias. Significant
independent predictors for recurrence after the last ablation comprised female sex,
persistent AF, longstanding persistent AF, history of AF (years since diagnosis), hypertension
and BMI.(5) This was comparable with other previous studies.(9, 10) Although these factors
predicted recurrences, it was unclear if they predicted failure.
In the present study, predictors for true failure comprised longstanding persistent AF,
continuously present AF and LA size. The area under the ROC-curve of the prediction model
was 0.839. So, the ability of the model to correctly predict those who will truly fail RFCA
was good. In a previous multi-center study, 218 patients with recurrences of AF after
multiple ablations were analyzed. After 5 years of follow-up, 62% of these patients had no
improvement in quality of life and 45% developed permanent AF. Independent predictors
for development of permanent AF were LA enlargement, history of persistent AF, longer
follow-up, and a single ablation procedure.(11)
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Atrial fibrillation is embraced by a pathogenic triangle formed by triggers, modulating factors
and a variable substrate. This atrial substrate is dynamic and induced by AF itself. It is
characterized by electrical, structural and functional remodeling. Structural remodeling is
marked by formation of interstitial fibrosis leading to slow discontinuous conduction,
conduction block and break-up and fragmatation of propagating wavefronts. Functional
remodeling consists of atrial dilation and promotes AF by increasing circuit path length and
space so that larger reentry circuits can be supported and a larger number of circuits can
be maintained.(12) Longstanding continuously present AF combined with a severely
enlarged LA could be seen as predictors for extensive structural and functional remodeling.
These patients might suffer from ‘end-stage’ atrial fibrillation and may have reached a point
of no return. The disease might be in such an advanced stage that RFCA is not capable to
sufficiently reduce AF burden.
Clinical implications
This study reveals that the majority of failure patients have chosen conservative treatment
over redo-ablations with extensive substrate modification if necessary. Even though some
of these patients were free of AF for several years after the previous ablation, reluctance
to undergo a redo ablation may arise over time. This should be taken in consideration in
patient care and in appraisal of previous and future research.
In patients with longstanding persistent AF, in combination with a severely enlarged LA,
the probability of failure even after multiple extensive ablations is high. Therefore, RFCA
treatment in this subset of patients is debatable. High costs of multiple ablations, the
increased risk of complications and small chances of significant improvement should be
taken into consideration when deciding for the next step. These patients should be properly
informed about the expected results of RFCA.
Limitations
Our study is a single-center, retrospective study with associated limitations of this study
design. In contrast to success, clinical success and failure are subjective clinical outcome
measures. Although a minimal reduction in AF burden of 75% was set as a limit to achieve
clinical success, it was challenging to precisely determine this in all patients. AF burden
prior to and post ablation was evaluated by patients symptoms and 48 hour Holter
monitoring. For accurate estimation of reduction of AF burden, event recorder or reveal
monitoring would be required both prior to the ablation and during follow-up. Some
asymptomatic AF episodes may have been missed. Nevertheless, all patients who qualified
for clinical success experienced significant clinical improvement and certainly fulfilled the
criterion of 75% AF burden reduction.
True failure of RFCA treatment is difficult to define. In our study, all true failure patients
underwent extensive substrate modification. In these patients, chances on finding new
eligible ablation targets that would lead to clinical improvement were regarded to be very
low. Therefore, they did not undergo another redo procedure and RFCA treatment was
considered truly failed.
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Treatment decisions were made in consultation with the patient and were based among
others on prospect of success. Therefore, the true failure group might have been biased.
However, of all 43 patients who refrain from extensive ablations, only 3 decisions were
based on physician’s advice.

CONCLUSION
In a large cohort of patients, RFCA failed to completely eliminate AF or significantly reduce
AF burden and symptoms in 9.5% of patients. However, in the majority of these failure
patients ablations were limited to (re-)PVAI without extensive substrate modification. Rate
control or acceptance of paroxysms of AF were chosen above repeated and sometimes
extensive ablations, mostly because mildness of symptoms. Eventually, catheter ablation
‘truly failed’ in only 3.5% of the total population. These patients had mostly (longstanding)
persistent AF that was continuously present for a median of 15 months, and a severely
enlarged LA. In patients with longstanding persistent AF in combination with a severely
increased LA size, ablation treatment should be a well-advised individual decision.

4
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ABSTRACT
Aims
Adenosine testing can reveal dormant pulmonary vein (PV) conduction after PV antrum
isolation (PVAI). However, the optimal timing for adenosine administration is unknown. We
hypothesized that adenosine testing immediately after PVAI reliably reveals PV reconnection
and thereby eliminates the need for an observation period.
Methods
Fifty patients underwent PVAI. Immediately after isolation of a PV pair, adenosine was
administered. Both PV pairs were separately tested. If adenosine restored PV conduction,
PVs were re-isolated. During a ≥30min observation period after immediate adenosineguided isolation, spontaneous reconnection was assessed and reconnected PVs were
re-isolated. After the observation period, adenosine testing was repeated.
Results
Immediate adenosine testing revealed dormant conduction in 10.4% of the left PVs and
16.3% of the right PVs. All PVs were successfully re-isolated. During a mean observation
period of 36±10 minutes, spontaneous reconnection occurred in 8.2% of the left and 16.3%
of the right PVs. None of these PVs had shown reconnection during immediate testing.
Late adenosine testing revealed dormant conduction in 12.5% of the left and 16.3% of
the right PVs. In patients without reconnection during immediate adenosine testing, 14.6%
of the left PVs and 30.6% of the right PVs showed either spontaneous reconnection or
restored PV conduction during late adenosine testing.
Conclusion
Adenosine testing immediately after PVAI does not reliably exclude later spontaneous or
adenosine induced PV reconnection. Adenosine testing should be performed after an
appropriate observation period to reduce risk of PV reconnection.
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INTRO DUCTION
Pulmonary vein antrum isolation (PVAI) is the cornerstone of atrial fibrillation (AF) ablation.
(1) The greatest shortcoming of PVAI is the occurrence of pulmonary vein (PV) reconnection,
frequently leading to AF recurrence. After initially successful PVAI, reconnection of at least
one PV may occur in up to 70% of patients during follow-up.(2) Repeated ablations are
often required to re-isolate reconnected PVs.(3-5)
Dormant PV conduction can be revealed by adenosine administration or by an appropriate
observation period. The duration of the observation period is positively correlated with
detection of spontaneous reconnection.(6, 7) The optimal timing for administration of
adenosine, however, is unknown.
A recently performed multicenter study has shown that adenosine administration after
PVAI, followed by additional ablation in case of reconduction, improves procedural
outcomes.(8) In this study, adenosine was administered 20 minutes after PVAI.(8) Results
from a canine study suggested that dormant PV conduction revealed by adenosine testing,
predicted spontaneous reconnection in the same PV, 30 to 60 minutes after adenosine
testing.(9) Adenosine may mimic the hyperpolarizing effect that would have occurred
spontaneously over time.(9) Therefore, we hypothesized that adenosine administration
immediately after PVAI would reliably exclude dormant conduction and PV reconnection.
Immediate adenosine testing may thereby obviate the need for an observation period after
PVAI and significantly reduce procedural duration.

5

METHODS
Study Participants
Fifty consecutive patients with symptomatic, drug refractory AF who underwent primary
PVAI in the University Medical Center Utrecht were included. All AF types were included.
Atrial fibrillation type was classified as paroxysmal (PAF), persistent or longstanding
persistent according to the HRS/EHRA/ECAS 2012 Consensus Statement on Catheter and
Surgical Ablation of AF.(1) Exclusion criteria comprised a history of any previous AF ablation,
left atrial (LA) or left atrial appendage (LAA) thrombus, pregnancy, asthma and chronic
obstructive pulmonary disease. All patients gave informed consent.
The ablation procedure
Electrophysiological study (EPS) was described in detail elsewhere.(4, 10) In short, EPS
was performed in a sedated, fasting state. Catheters were introduced through the right
femoral vein. An octapolar catheter was positioned in the coronary sinus. A threedimensional cardiac mapping systems (Carto®; Biosense Webster, Diamond Bar, CA, USA
or EnSite™ NavX™; St. Jude Medical inc., St Paul, MN, USA) was used to obtain a threedimensional reconstruction of the LA, including the LAA and the PVs. A circular decapolar
mapping catheter (Lasso® Non-NAV or NAV eco Catheter, Biosense Webster) was used
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for LA reconstruction and confirmation of PV isolation. Electrical signals were recorded and
stored on an electrophysiology recording system (Prucka™ CardioLab EP system, GE
Healthcare). An irrigated tip, contact force sensing catheter (ThermoCool® SmartTouch™,
Biosense Webster or TactiCath™; St. Jude medical) was used to widely encircle the left
and right PVs at their antrum with point-by-point ablation lesions. Radiofrequency energy
was delivered in a temperature controlled mode with a maximum power of 40 W and a
maximum temperature of 43°C. On the posterior wall, maximum power was limited to 30
W. Irrigation flow rate was set at 30mL/min.
Adenosine testing
The study design was approved by the local ethics committee. The primary ablation strategy
was PVAI alone without additional substrate modification in all patients. Ablation was started
in an alternating manner at the left (n=25) or right PVs (n=25). Immediately after isolation
of the first PV pair, ≥12 mg of adenosine were administered to test for dormant conduction.
The superior and inferior PVs were tested separately. In case of reconnection, further
ablations were performed until PV isolation persisted under adenosine testing (immediate
adenosine guided isolation). After immediate adenosine guided isolation of the first PV pair

Figure 1. Study design.

The figure represents the adenosine administration (q) sequence in case the left pulmonary veins were
isolated first. During study, ablation was started in an alternating manner at left (n=25) or right pulmonary
veins (n=25). RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein, LSPV: left superior
pulmonary vein, LIPV: left inferior pulmonary vein
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was achieved, the second PV pair was isolated. The testing protocol was repeated after
isolation of the second PV pair. For each PV pair a minimal observation period of 30 minutes
was started after immediate adenosine guided isolation. In case spontaneous reconnection
occurred during this waiting period, the PV was re-isolated. After the 30 minutes observation
period, a second adenosine test was performed (figure 1).In case of reconnection, ablation
was continued until PV isolation ultimately persisted under adenosine testing (late adenosine
guided isolation).
Evaluation of dormant conduction
As mentioned above, ≥12 mg of adenosine were administered. The initial adenosine dose
was left to the operator’s discretion and the minimal dose of 12 mg was based on previous
studies and own experience.(8) At least one blocked P-wave, or in case of AF an R-R interval
>3 seconds had to be obtained. Dosage of adenosine was adjusted based on duration of
atrioventricular block. Dormant conduction was assessed using a circular decapolar
catheter and was defined as appearance of PV re-conduction for >1 beat.

5

Study outcomes
The primary endpoint of this study was PV reconnection assessed at different time points.
First, immediate adenosine testing after isolation of a PV pair was performed to reveal
dormant conduction. Second, spontaneous reconnection was assessed during a ≥30 minute
observation period starting after immediate adenosine guided isolation. Third, late adenosine
testing was performed after the observation period to reveal dormant conduction. In case
reconnection occurred after immediate adenosine testing and spontaneously during the
observation period or adenosine induced after the observation period, the sites of
reconnection were compared.
Statistical analysis
Patient characteristics and primary outcomes were reported as percentages, counts, mean
± standard deviation or median (25th-75th percentile) as appropriate. Differences between
left and right PVs were compared by the McNemar test. A p-value of <0.05 was considered
statistical significant. Statistical analyses were performed using SPSS 21.0 (IBM, Armonk,
NY, USA).

RESULTS
In 50 patients, a total of 99 PV pairs were isolated. One patient suffered from incessant
atrial tachycardia originating from the right superior PV. In that patient, only the right PVs
were isolated. In two patients, late adenosine testing could not be performed (one right
PV pair and one left PV pair) because of technical difficulties. Therefore, a total of 97 PV
pairs (left: 48 PV pairs, right: 49 PV pairs) were tested according to the study protocol.
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Baseline characteristics are shown in table
1. Most patients had paroxysmal AF (76%).
Mean age was 56.5±11.7 years. Mean LAvolume, defined by echocardiography, was
32.8±9.6 mL/m2. Procedural characteristics
are shown in table 2. Mean procedure
duration was 159±37 minutes and mean
fluoroscopy time was 16±6 minutes.
After ablation, two patients suffered from
a minor venous bleeding. Both patients
were conservatively treated and did not
require blood transfusion. No other
complications occurred.
Immediate adenosine-guided isolation
Acute isolation was achieved in all PVs.
Immediate adenosine testing after rightand left-sided PVAI revealed dormant
conduction in 12 of 50 patients (24%). In
these 12 patients, a total of 13 PVs
showed dormant conduction: 5 left PVs
(10.4%) and 8 right PVs (16.3%). All PVs
were successfully re-isolated.

Table 1. Patients characteristics (n=50)
Demographics
Male sex

39 (78%)

Age, years

56.5±11.7

History of AF, years

4.4±3.5

AF type
Paroxysmal

38 (76%)

Persistent

9 (18%)

Longstanding persistent

3 (6%)

Atrial flutter

8 (16%)

BMI, kg/m

27.6±4.8

Hypertension

28 (56%)

Hypercholesterolemia

17 (34%)

Diabetes Mellitus

6 (12%)

Structural heart disease

8 (16%)

CHA2DS2-VASc score

1.7±1.5

LA-volume, mL/m2

32.8±9.6

2

Notes: Data are expressed as mean ± SD or as
number (percentage).
History of AF: years since AF was diagnosed.
AF: atrial fibrillation, BMI: body mass index, LA: left
atrium.

Observation period
During a mean observation period of 36±10
min after immediate adenosine guided
isolation, (left: 36±11 min, right: 36±9 min),
spontaneous reconnection occurred in 11
patients (22%). In these 11 patients, 12 PVs
showed spontaneous reconnection: 4 left
PVs (8.2%) and 8 right PVs (16.3%). All
spontaneous reconnections occurred in PVs
without reconnection during immediate
adenosine testing. All spontaneously
reconnected PVs were successfully reisolated.

Table 2. Procedure characteristics (n=50)
Carto®

40 (80%)

EnSite™

10 (20%)

Procedure duration, min

159±37

Fluoroscopy time, min

16±6

RAO radiation exposure, mGy

28 (15-48)

LAO radiation exposure, mGy

161 (64-310)

RF duration, sec

1885 (1510-2450)

Notes: Data are expressed as as number
(percentage), mean ± SD or median (25th—75th
percentile). RAO: right anterior oblique view, LAO:
left anterior oblique view, mGy: milligray
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Late adenosine-guided isolation
After successful re-isolation of spontaneous reconnected PVs or in case no spontaneous
reconnection occurred during the observation period, late adenosine testing was performed.
Late adenosine testing revealed dormant conduction in 12 patients (24%). In these 12 patients,
14 PVs showed late dormant conduction: six left PVs (12.5%) and eight right PVs (16.3%).
Of the six left-sided PVs that revealed dormant conduction after late adenosine testing,
three had shown reconnection at the identical site during immediate adenosine
administration. In the other PVs, immediate adenosine testing had not revealed dormant
conduction. Of the eight right-sided PVs that showed dormant conduction during late
adenosine testing, on had shown reconnection at the identical site during immediate
adenosine testing and in the other seven immediate adenosine administration had not
induced reconnection.
Overview
Of all 50 patients, 27 (54%) showed PV reconnection in one or multiple PVs, either induced
by adenosine testing (immediate and/or late) or spontaneously during the observation
period. Reconnection sites per time point are shown in figure 2. Overall, the right inferior
PV was most commonly reconnected (12/49 [24.5%]), followed by the right superior PV
(11/49 [22.4%]), left superior PV (9/48 [18.8%]), and left inferior PV (3/48 [6.3%]).
An overview of PV reconnections at different time points is shown in table 3. Despite
persistent isolation during immediate adenosine testing, 7 of the 48 left-sided PVs (14.6%)
and 15 of the 49 right-sided PVs (30.6%) showed either spontaneous reconnection in the
observation period or PV reconnection was induced by late adenosine testing.

5

DISCUSSION
Main outcomes
To our knowledge, this is the first study that prospectively investigated the use of adenosine
at different time points after PVAI. We demonstrated that adenosine testing immediately
after PVAI does not rule out spontaneous reconnection during the observation period or
later adenosine-induced reconnection. Therefore, adenosine testing immediately after PVAI
does not obviate the need for an appropriate observation period.
The effect of time and adenosine on reconnection
Spontaneous PV reconnection is a time-dependent process.(9) Prior studies have shown
that the duration of the observation period positively correlated with detection of
spontaneous reconnection.(6, 7) Approximately 30 minutes after catheter ablation,
spontaneous hyperpolarization of resting membrane potentials occurs in damaged but
viable cardiomyocytes and progresses slowly thereafter, leading to spontaneous
reconnection of initially successfully isolated PVs.(9)
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Figure 2. Reconnection sites per time point.

A: dormant conduction revealed by adenosine testing immediately after right and left PVAI. B: Spontaneous
reconnection during the observation period. C: dormant conduction revealed by late adenosine testing after
the observation period. Reconnection sites are displayed by a red asterisk. Black asterisks represent
reconnection sites during late adenosine testing that showed to be identical to reconnection sites during
immediate adenosine testing. RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein, LSPV:
left superior pulmonary vein, LIPV: left inferior pulmonary vein

Table 3. Pulmonary vein reconnections at different time point.
Reconnection

Left PVs (n=48)

Right PVs (n=49)

Adenosine-induced immediately after isolation

5 (10.4%)

8 (16.3%)‡

Spontaneously during observation period

4 (8.2%)

8 (16.3%)‡

Adenosine induced after observation period

6 (12.5%)

8 (16.3%)‡

Immediate adenosine testing false negative †

7 (14.6%)

15 (30.6% )‡

† Immediate adenosine testing was considered false negative in case immediate testing did not reveal
dormant conduction, but spontaneous reconnection or late adenosine induced reconnection occurred.
‡ no significant difference
PVs: pulmonary veins
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Adenosine, a purinergic agonists, increases the outward potassium current IKAdo which
selectively hyperpolarizes myocardial cells of the PVs. Hyperpolarization increases inward
sodium currents, revealing dormant conduction in damaged yet viable PVs. In contrast to
the time-dependent spontaneous hyperpolarization, adenosine was thought to cause a
more rapid hyperpolarization after PVAI. Hypothetically, adenosine mimics the
hyperpolarizing effect that occurs spontaneously over time.(9) The results of our study do
not support this hypothesis. We showed that the effect of adenosine is also time
dependent. Adenosine testing immediately after PVAI did not exclude spontaneous
reconnection in a ≥30min observation period. Moreover, it did not exclude dormant
conduction during late adenosine testing. Recently, a similar observation was made in
cryoballoon ablation therapy. Adenosine testing after a 30 minute waiting period increased
the incidence of dormant conduction compared with previous studies that applied adenosine
immediately or 15 minutes after PVAI.(11)

5

Efficacy of adenosine-guided ablations
A 2013 systematic review concluded that routine adenosine testing resulted in a significant
increase in freedom from AF after PV isolation (RR: 1.25; 95% CI: 1.12-1.40). However, all
included studies were prospective or retrospective cohort studies.(12) Since this systematic
review, two large randomized controlled trials have been performed, with contradictory
results. In the ADVICE trial, adenosine testing 20 minutes after PVAI revealed dormant PV
conduction in 284 of 534 patients (53%). Those 284 patients with dormant conduction
were randomized to additional ablation or no-further ablation. Adenosine-guided PV isolation
showed a significant absolute risk reduction of 27.1% in arrhythmia recurrence.(8) On the
contrary, the UNDER-ATP trial did not show a reduction in atrial tachyarrhythmia recurrence
after adenosine-guided ablation. In this study, 2113 patients with paroxysmal, persistent
or longstanding persistent AF were randomized to receive either adenosine triphosphate
(ATP) or no ATP. Adenosine triphosphate was administered after LA ablation was complete,
which included PVAI and additional ablations if needed. Without a set timing protocol, ATP
testing was performed at a median of 57 min after PVAI and revealed dormant PV
conduction in 307 patients (27.6%). After 1 year of follow-up, 68.7% of patients in the ATP
guided and 67.1% of patients in the conventional PVAI group were free from recurrent
atrial tachyarrhythmias (P=0.25).(13)
The conflicting results might be explained by the different methodology and treatment
approaches used in both studies. As mentioned above, in the ADVICE trial, adenosine was
delivered 20 minutes after PVAI revealing dormant conduction in 53% of patients. In the
UNDER-ATP trial, ATP was administered at a median of 57 minutes after PVAI, resulting in
27% dormant conduction. More than 40% of patients in both the ATP- and non ATP-guided
group showed spontaneous reconnection in a comparable long observation period.
Therefore, the prolonged observation period possibly diminished the effect of ATP-testing
on procedural outcomes. Moreover, in the UNDER-ATP trial the patient population was
mixed and the primary ablation strategy was heterogeneous. Additional isolation of the
superior vena cava, linear ablations in the left atrium and ablations of complex fractionated
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atrial electrograms were left to the operators discretion and were frequently performed.
Although patient and procedural characteristics were identical in both groups, it may have
influenced the effect of ATP-testing.
Clinical implications
A recent study revealed that complete PV isolation is superior to incomplete isolation
regarding AF recurrence within 3 months after ablation.(2) Therefore, complete and durable
PVAI should be pursued and thorough detection of PV reconnection during the procedure
is recommended. Our study endpoints consisted of PV reconnection at different time points
during the procedure. We found that a substantial proportion of patients who did not show
dormant PV conduction during immediate adenosine testing developed spontaneous or
late adenosine-induced PV reconnection after a ≥ 30 minutes observation period. Based
on this finding it seems reasonable to perform adenosine testing after an appropriate
waiting period to adequately reveal dormant conduction in daily clinical practice. However,
our study was not designed to address clinical outcomes in relation to the timing of
adenosine administration.
We did not specifically study different durations of the observation period. Therefore, we
cannot make firm recommendations on the optimal length of the observation period. Yet,
based on the results of the ADVICE trial and the present investigation, adenosine testing
after an observation period of 20-30 minutes seems reasonable.

CONCLUSION
Absence of PV reconnection induced by adenosine administration immediately after PVAI
does not reliably exclude spontaneous or later adenosine-induced PV reconnection.
Adenosine testing should be performed after an appropriate observation period to reduce
the risk of PV reconnection.
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ABSTRACT
Purpose
Prior to atrial fibrillation (AF) ablation, computed tomography angiography (CTA) is
increasingly used for left atrial appendage (LAA) thrombus detection. LAA filling defects
on CTA may represent thrombus or incomplete contrast mixing with blood. A pre-bolus of
contrast material with delay before the CTA contrast bolus can help distinguish between
thrombus and incomplete contrast mixing. We present results from a double-contrast,
single-phase CTA protocol used in our daily clinical practice.
Methods
In patients who underwent AF ablation between 2011-2015, double-contrast, single-phase
CTA was performed prior to ablation. Two contrast boluses (30 and 70 ml) with 25-second
interbolus delay were administered followed by prospectively triggered cardiac CTA. Only
patients with left atrial (LA) or LAA filling defects underwent transesophageal
echocardiography (TEE) to rule out thrombus.
Results
Prior to ablation, 605 CTA-scans were performed (median radiation dose: 3.1mSv). In 579
CTA-scans (95.7%), the LA and LAA completely filled with contrast. In 26 CTA-scans (4.3%)
the LAA showed a filling defect whereby thrombus could not be excluded. In 2 of those
26 patients (7.7% and 0.3% of the total population), TEE verified LAA thrombus. Low-risk
LAA filling defects on CTA (n=7/26) with an inhomogeneous aspect, Houndsfield Unit
values >100, and an indefinite border were all caused by incomplete contrast mixing. No
thromboembolic complications occurred perioperatively or during 6 month follow-up.
Conclusion
Prior to AF ablation, incidence of LAA filling defects on double-contrast, single-phase CTA
is low. TEE remains warranted in all but low-risk filling defects to rule out thrombus.
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INTRO DUCTION
Catheter ablation (CA) is a frequently performed treatment in patients suffering from drugrefractory atrial fibrillation (AF). Prior to CA, exclusion of left atrial (LA) and left atrial
appendage (LAA) thrombus is recommended as its presence is a contraindication for CA.(1)
Although transesophageal echocardiography (TEE) is considered the gold standard for
excluding LA and LAA thrombus,(1, 2) it is a semi-invasive procedure and associated with
patient discomfort. Moreover, esophageal perforation is a very infrequent but potentially
life-threatening complication.(3-6) Consequently, different modalities, like computed
tomography angiography (CTA), are increasingly used as a screening tool for LA/LAA
thrombi.
On CTA, LAA filling defects may represent thrombus but also incomplete mixing of contrast
and blood due to slow flow. In order to distinguish better between thrombus and slow
flow, different delayed CTA imaging protocols have been developed. Previous studies
showed 99% specificity of a second delayed-phase CTA.(7, 8) However, the extra radiation
exposure of a delayed scan remains a concern. Therefore, in our daily clinical practice we
use a single-phase, double-contrast injection protocol, with a delay between the first and
second bolus. A pre-contrast bolus with delay before the acquisition contrast injection may
increase the diagnostic accuracy by better enhancement of the LAA.
In this study, we present results from a large cohort of patients from an academic hospital
setting who underwent double-contrast, single-phase CTA prior to AF ablation. All patients
with LA or LAA filling defects on CTA underwent TEE. Goals of this study are to (1)
demonstrate the incidence of LAA filling defects on CTA in daily clinical practice, (2) show
the positive predictive value for LAA thrombus detection of this approach and (3) analyze
LAA filling defect characteristics, representative for slow flow or thrombus.

6

METHODS
Patient population
Our Institutional Review Board approved this study, and based on the retrospective
observational nature of this study waived the requirement to obtain written informed
consent. All consecutive patients suffering from symptomatic, drug-refractory or drugintolerant AF who underwent CTA prior to primary or redo catheter ablation in the University
Medical Center Utrecht from June 2011 to May 2015 were included. Transesophageal
echocardiography was performed to verify or rule out thrombus in all patients with any
type of LA or LAA filling defect on CTA. Computed tomography angiography and TEE were
reviewed at the time of performance. In 2015, CTA and TEE were retrospectively reevaluated by a cardiovascular radiologist and a cardiologist, blinded for outcomes.
Patient characteristics were prospectively collected and comprised sex, age, AF type,
history of AF (years since AF was diagnosed), cardiovascular risk factors, CHA2DS2-VASc
score, structural heart disease, LA-size (end-systolic LA-diameter in the parasternal long
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axis view on echocardiography) and anticoagulation therapy. Atrial fibrillation type was
classified as paroxysmal (PAF), persistent or longstanding persistent according to the HRS/
EHRA/ECAS 2012 Consensus Statement on Catheter and Surgical Ablation of AF.(1)
Cardiac Computed Tomography Angiography
In all patients, double-contrast, single-phase, prospectively triggered cardiac CTA was
performed ≤7 days prior to the ablation procedure to assess both LA and pulmonary vein
(PV) anatomy, and exclude LA/LAA thrombus.
Computed tomography angiography was performed using a 256-slice CT system (Philips
Healthcare, Cleveland, Ohio, USA). A 30 ml contrast bolus (Ultravist [iopromide] - 300mg
I/mL, Bayer Schering Pharma AG, Berlin, Germany) was administered followed by a delayed
70 ml contrast bolus, 25 seconds after the first administration of contrast, both at a flow
rate of 6 ml/sec. After the second contrast bolus, a 60 ml saline chaser (30% contrast and
70% saline) was administered, followed by 30 ml of saline. Contrast was adjusted to
patient’s body weight (>80kg: 35 ml and 80 ml, respectively). The CTA-scan was initiated
after the second contrast bolus injection using a monitoring scan and a predefined threshold
of 200 Hounsfield Units (HU) in the ascending aorta with a post-threshold delay of 7
seconds to give breathing instructions. The scan parameters were as follows: collimation
128x0.625 mm, tube voltage 80-120 kV and tube current 195-210 mAs depending on weight
(<65 kg, 65-80 kg, >80 kg), and rotation time 0.27s. Images were reconstructed with a
slice thickness of 0.9mm and a reconstruction increment of 0.45 mm.
A filling defect was defined as an area of low attenuation in the LA or LAA, not caused by
motion artifacts or other cardiac structures like atrial trabeculae. Houndsfield Units (HU)
were measured throughout the area of low attenuation. Filling defects were classified as
low, intermediate and high risk of thrombus based on the homogeneity of the region with
low attenuation, HU-value and the border aspect. High risk filling defects consisted of
homogeneous filling defects with low HU-values (<100 HU)(9) and a well-defined border
(concave or convex). Low risk defects comprised inhomogeneous filling defects with high
HU-values (>100 HU) and an ill-defined border. Filling defects were classified as intermediate
risk of thrombus when both high and low risk characteristics were present.
Dose length products were registered during every examination. Radiation dose was
calculated by the effective radiation dose: (dose-length product) × (conversion factor). The
conversion factor varies for different body parts and for the heart it was set on 0.014 mSv/
(mGy × cm).(10)
Transesophageal echocardiography
In case of a LA or LAA filling defect, TEE (iE33, Philips Healthcare, Best, The Netherlands)
was performed after a median of 5 (4-6) days after CTA. State of the art 5-MHz multiplane
probes were used to visualize LA and LAA thrombi. Within the LAA, low-flow states were
analyzed by pulsed-wave Doppler velocity interrogation and by identification of spontaneous
echocardiographic contrast (SEC). Spontaneous echocardiographic contrast was
characterized by dynamic echogenic swirling patterns of blood flow.
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Anticoagulation strategy
Prior to CA, at least 4 weeks of adequate systemic anticoagulation with vitamin K
antagonists (VKA) or novel oral anticoagulants (NOAC) was required in all patients
irrespectively of the CHA2DS2-VASc score. Patients with a CHA2DS2-VASc score ≥2 were
preferably treated with VKA. In VKA, target values for the international normalized ratio
were 2.5-3.5. Vitamin K antagonists were continued peri-procedural. NOAC therapy was
interrupted the day before CA and continued the day after.
During the ablation procedure, an intravenous bolus of heparin (≥5000 IU) was administered
after trans-septal puncture, followed by additional boluses to maintain an activated clotting
time (ACT) between 300 and 350s. After the ablation procedure, anticoagulation therapy
was continued for at least 6 months. After 6 months, anticoagulation therapy was again
individualized according to rhythm status and the CHA2DS2-VASc score.
Assessment of thromboembolic complications
After the ablation procedure, patients remained routinely hospitalized for one day. Patients
were seen on the outpatient clinic at 3 and 6 months after ablation. During hospitalization
and at the outpatient clinic, occurrence of stroke and transient ischemic attack (TIA) was
assessed. Stroke and TIA were defined according to the consensus report from the valve
academic research consortium.(11) In short, diagnostic criteria for TIA comprised new focal
neurological deficit with symptoms resolution within 24 hours, without recent tissue injury
on neuroimaging. Stroke was diagnosed if rapid onset of focal or global neurological deficit
occurred, with a duration ≥24 hours, and confirmed by a neurologist or neuroimaging.(11)

6

Statistical analysis
Categorical patient variables were shown as number and percentages. Continuous variables
were expressed as means ± standard deviation or as median (25th—75th percentile),
depending on the normality of the data distribution. For the comparison of continuous
variables, an independent t-test or a Mann-Whitney U test was performed. Differences in
categorical variables between groups were compared by the chi-square test. Positive
predictive value (PPV) of CTA was calculated, using TEE as the gold standard. A p-value
<0.05 was considered statistical significant. Statistical analyses were performed using
SPSS 21.0 (IBM, Armonk, NY, USA).

RESULTS
From June 2011 till May 2015, 477 patients underwent 605 cardiac CTA scans prior to a
total of 603 primary or redo CA procedures. No filling defects in the LA were seen in all
605 CTA scans. In 579 CTA scans (95.7%), the LAA also completely filled with contrast
(figure 1). In 26 CTA scans (4.3%) the LAA showed a filling defect, whereby a thrombus
could not be ruled out.
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Figure 1. CTA showing complete filling of the LAA (yellow arrow), thereby excluding LAA thrombus.

A: axial view, B: coronal view, C: sagittal view.
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Patients characteristics, divided into presence and absence of LAA filling defects on CTA,
are shown in table 1. Patients with LAA filling defects were more often female (57.7% versus
23.9% p<0.001), suffered more from (longstanding) persistent AF (65.4% versus 45.2%,
p=0.011) and had a higher mean CHA2DS2-VASC score (2.4±1.7 versus 1.3±1.3, p=0.027).
Of the 26 patients with LAA filling defects on CTA, 2 showed LAA thrombus on TEE (PPV:
7.7%). In these 2 female patients (0.3% of the total population), AF was continuously
present prior to CTA for 3 and 10 months respectively. CHA2DS2-VASC scores were 2 and
3, and in both patients INR was between 2.5 and 3.5. Catheter ablation was postponed in
these 2 patients. After 3 months of optimal anticoagulation therapy, repeated TEE showed
residual LAA thrombus in both patients and CA was cancelled.
In all 477 patients who underwent CA, no thromboembolic complications occurred
perioperatively and during 6 months of follow-up. No major CTA related complications
occurred (e.g. severe anaphylactic reaction to contrast or contrast-induced nephropathy).
Five patients had a minor allergic reaction to contrast and all 5 made a full recovery. Median
length product of all performed CTAs was 223 (138-230) mGy x cm, which corresponds to
a median effective radiation dose of 3.1 (1.9-3.2) mSv.

6

Table 1. Baseline characteristics (n=477)
Demographics

Negative CTA (n=451)

Positive CTA (n=26)

Male sex

343 (76.1%)

11 (42.3%) †

Age at first ablation, y

59.2±10.3

52.2±7.6

Paroxysmal

247 (54.8%)

9 (34.6%) ‡

Persistent

178 (39.5%)

12 (46.2%)

AF type

26 (5.8%)

5 (19.2%)

History of AF, y

5.6±5.6

6.2±5.7

BMI, kg/m2

27.1±4.3

26±4.1

Hypertension

174 (38.6%)

8 (30.8%)

Longstanding persistent

Diabetes Mellitus

37 (8.2%)

4 (15.4%)

CHA2DS2-VASc score

1.3±1.3

2.4±1.7 ‡

Atrial flutter

122 (27.1%)

7 (26.9%)

Structural heart disease

69 (15.1%)

6 (23.1%)

LA size, mm

43±7

46±7

VKA

350 (77.6%)

22 (84.6%)

NOAC

101 (22.4%)

4 (15.4%)

Anticoagulation

Negative CTA: no LAA filling defect present on CTA, Positive CTA: LAA filling defect present on CTA.
†: p-value<0.01, ‡: p-value<0.05
AF: atrial fibrillation, BMI: body mass index, CTA: computed tomography angiography, LA: left atrium,
NOAC: novel oral anticoagulants, VKA: vitamin K antagonist
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LAA filling defects on CTA
In 26 patients, LAA thrombus could not be ruled out by CTA. During acquisition of CTA, 17
of these 26 (65.4%) patients were in AF. In 13 patients, the LAA filling defect had a
homogeneous aspect with low HU values (<100) and a well-defined border. Those patients
were classified as high risk of thrombus by an experienced cardiovascular radiologists.
Figure 2. Two patients with a LAA filling defect on CTA based on thrombus.

A: CTA in axial view showing a LAA filling defect (yellow arrow). The area of low attenuation shows a
homogeneous aspect, HU 50-70 and a well-defined concave border. B and C: TEE showing a solid structure
adherent to the LAA wall most likely thrombus (red arrow). D: CTA in axial view showing LAA filling defect
(yellow arrow). The area of low attenuation shows a homogeneous aspect, HU 70-90 and a well-defined
convex border. E: TEE showing LAA thrombus (red arrow). F: pulsed-wave Doppler showing low LAA flow
velocity.
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Figure 3. Three patients with false positive CTA scan.

6

LAA filling defects were classified as high (A), intermediate (D) and low (G) risk of thrombus. The patients
with a high and low risk filling defect were in AF during performance of CTA, the patient with an intermediate
risk filling defect was in sinus rhythm. A: CTA in axial view showing LAA filling defect (yellow arrow). The
area of low attenuation shows a homogeneous aspect, HU 50-70 and a well-defined convex border. B: TEE
showing severe spontaneous echo contrast (red arrow) in the LAA without thrombus. C: low velocity
measured by pulse Doppler. D: CTA in axial view showing LAA filling defect (yellow arrow). The area of low
attenuation shows a inhomogeneous aspect, HU 70-110 and a well-defined convex border. E: TEE showing
no thrombus and no spontaneous echo contrast (red arrow). F: high velocity measured by pulse Doppler. G:
CTA in axial view showing LAA filling defect (yellow arrow). The area of low attenuation shows a
inhomogeneous aspect, HU 150-250 and an ill-defined border. H: TEE showing moderate spontaneous echo
contrast in the LAA without thrombus (red arrow). I: low velocity measured by pulse Doppler

The remaining 13 patients were classified as intermediate (n=6) and low risk (n=7) of
thrombus. Both patients with LAA thrombus on TEE had a high risk filling defect on CTA.
Computed tomography angiography and TEE images of these two patients are shown in
figure 2. No thrombi were found in the intermediate and low risk filling defect groups.
Three examples of LAA filling defects (high, intermediate and low risk of thrombus) without
thrombus on TEE are displayed in figure 3.

95

201711 Cas Teunissen_binnenwerk_def.indd 95

01-05-17 01:09

CHAPTER 6

LAA thrombus on TEE
Of the 26 patients with LAA filling defects on CTA, 2 patients showed LAA thrombus on
TEE. Of the remaining 24 patients, 6 patients showed severe SEC, 8 patients moderate
SEC and 8 patients no SEC. No TEE-associated complications occurred.

DISCUSSION
In this study we demonstrated that the incidence of LAA filling defects on double-contrast,
single-phase CTA prior to AF ablation is very low. Yet, positive predictive value of CTA is
low and TEE remains necessary to differentiate between thrombus and slow flow in case
of LAA filling defects on CTA.
CTA versus TEE
Computed tomography angiography is a multifunctional modality. Besides exclusion of
LAA thrombus, it is possible to create a detailed 3 dimensional visualization of the LA, LAA
and PV anatomy. This anatomy can be merged into electroanatomical maps of the ablation
procedure and may increase procedure efficacy. The use of only CTA, instead of both CTA
and TEE, significantly reduces costs. Moreover, CTA is considered a patient friendly imaging
modality, while TEE is a semi-invasive procedure with patient discomfort, and has
infrequent, but potentially life threatening complications.
CTA prior to AF ablation
The 2012 expert consensus statement on catheter ablation of AF states that CT imaging
should not be used to screen for LA/LAA thrombi and that TEE is required. Prior to CA,
TEE should be performed in all patients with AF more than 48 hours in duration.(1) This
recommendation is based on two studies (n=499) that showed reduced sensitivity (29%
and 36%) of CTA in LAA thrombi detection compared with TEE.(12, 13) Remarkably, a
more recent meta-analysis, which included all 19 relevant studies (n=2955), including the
previously mentioned low sensitivity studies, showed an overall sensitivity of 96%. Sixteen
of the 19 included studies showed a sensitivity of 100%.(7) Moreover, two studies using
a similar double-contrast, single-phase CTA protocol showed 100% sensitivity.(14, 15) This
is congruent with our understanding that complete filling of the LAA with contrast excludes
thrombus. Therefore, we considered it safe and ethical to perform TEE only in case of LA
or LAA filling defects on CTA. This is supported by the fact that no strokes or TIAs occurred
perioperatively and up to 6 months after ablation. Nevertheless, silent cerebral
thromboembolic lesions could not be ruled out, since no cerebral magnetic resonance
imaging (MRI) was performed prior to and after ablation.
Recently, a novel clinical protocol was presented for safely integrating results of CTA delayed
imaging of the LAA into pre-procedure care.(8) Based on this protocol, TEE in addition to
delayed-phase CTA was still necessary to exclude LAA thrombus in 24% of patients. In
contrast, using our protocol, TEE was only necessary in less than 5% of patients.
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Different CTA imaging protocols
Lack of atrial contractions in AF cause low atrial filling and emptying velocities, as compared
with individuals in sinus rhythm. As a result, contrast opacification of the LAA might take
longer. Therefore, different delayed imaging protocols have been developed to reduce the
number of false positive CTAs. Left atrial appendage thrombi detection can be performed
by using single-phase and delayed-phase cardiac CTA. In single-phase CTA, images are
obtained immediately after contrast administration. In delayed-phase CTA, images are
obtained twice: immediately after contrast injection and with a 30-120 seconds delay after
the contrast bolus. Earlier single-phase CTA studies showed a mean weighted sensitivity
of 91%, specificity of 95%, PPV of 33% and NPV of 100% for LAA thrombus detection.
(7) Recent studies using delayed-phase CTA demonstrated a sensitivity and NPV of 100%,
specificity of 99% and PPVs ranging from 79-100%.(8, 16-19) In case of LAA filling defects,
delayed imaging seems more capable of differentiating between thrombus and slow flow.
(7) 7 (7)(7) However, a concern of delayed-phase imaging is the increased radiation dose of
the double CTA scan.
Instead of a second delayed-phase CTA, a double-contrast, single-phase CTA scan (as used
in our patients) can be performed by administering contrast twice with a delay between
the first and second contrast bolus. The incidence of LAA filling defects of our approach
was low (4.3%). In comparison, mean incidence of LAA filling defects in 11 studies
comparing CTA and TEE before atrial fibrillation ablation was 10.4%.(7) Ten of the 11 studies
were single-phase CTA, and none used a double-contrast injection. A potential disadvantage
of a double-contrast protocol is the higher amount of contrast agent, slightly increasing the
risk of contrast induced nephropathy.
Two recent studies compared double-contrast, single-phase CTA with TEE in patients with
ischemic stroke. Both studies showed PPV of 100%.(14, 15) Compared with our imaging
protocol, a few major differences were noticed. First, the time between the first and second
contrast bolus was 180 seconds, while we used a 25 second delay. Second, both studies
used a 50ml primary contrast bolus, while we used 30 ml of contrast. Last, in one study,
patients underwent dual-energy CT.(15) In dual-energy CT, rapid kilovoltage switching allows
simultaneous acquisition of low- and high-tube-voltage data sets. This makes it possible to
measure iodine concentrations in LAA filling defects to differentiate between thrombus and
slow flow. The study revealed that the mean iodine concentration was significantly lower
in thrombus compared to slow flow. By using an iodine concentration cutoff value of 1.74
mg/mL, sensitivity and specificity were both 100% for detection of LAA thrombus.(15)

6

Clinical implications
The presented CTA protocol could easily be adopted by other electrophysiology practices.
It diminishes the need of TEE examinations and thereby increases patient comfort and
reduces costs. Since low risk filling defects consist of benign characteristics (inhomogeneous
aspect, HU-values >100 and an indefinite border), and no thrombi were detected in this
group, not performing TEE in these patients might be considered. This would reduce the
number of necessary TEEs to 3%. However, due to the low event rate of true thrombus
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in our cohort, validation in other cohorts is recommended.
Based on previous studies, positive predictive value of CTA could be improved by increasing
the amount of primary contrast bolus and prolonging the delay of the second contrast
bolus. Performing a second delayed-phase CTA with extra radiation dose can be avoided
in the majority of patients, but can still be considered if a filling defect is visualized on the
first CTA scan. Finally, measuring iodine concentrations in dual-energy cardiac CT appears
to be a promising technique to differentiate slow flow from LAA thrombus. Until recently
the CT had to be programmed in advanced to acquire data sets with different kilovoltages.
The clinical release of a new spectral detector-based CT (IQon, Philips Healthcare) can now
provide this information retrospectively in all scans. More prospective studies are required
to explore these novel acquisition techniques.
Limitations
First, this was a retrospective cohort study with limitations associated with this study
design. The low incidence of LAA filling defects and PPV in our study could only be
compared with studies from other institutions.
Second, TEE was only performed in patients with LAA filling defects on CTA. Because of
this approach, negative predictive value, sensitivity and specificity of CTA could not be
calculated.

CONCLUSION
Prior to AF ablation, incidence of LAA filling defects on double-contrast, single-phase CTA
is low. TEE is still necessary to differentiate between thrombus and slow flow in case of
LAA filling defects on CTA with high risk characteristics (homogeneous filling defects, low
HU-values (<100 HU) or a well-defined border). In patients with low risk LAA filling defects,
TEE might not be warranted.
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ABSTRACT
Aims
The real-life incidence of pulmonary vein stenosis (PVS) after radiofrequency catheter
ablation (RFCA) of atrial fibrillation (AF) is unknown. This study aimed to determine incidence
of PVS and evaluate PVS related symptoms.
Methods and Results
All patients who underwent RFCA of AF from 2005-2016 with routine pre- and post-ablation
screening by magnetic resonance imaging (MRI) or computed tomography (CT) were
included. Primary ablation strategy was pulmonary vein (PV) antrum isolation alone in all
patients. PVS, defined as a significant reduction in the superoinferior or anteroposterior PV
diameter, was classified as mild (30-50%), moderate (50-70%) or severe (>70%). Sufficient
quality imaging of the PV anatomy before ablation and during follow-up (mean 6±4 months)
was performed in 976 patients (male: 76.4%, paroxysmal AF: 59.1%). Of these patients,
306 (31.4%) showed mild stenosis, 42 (4.3%) revealed moderate stenosis and 7 (0.7%)
patients had a severe stenosis in at least one PV. Incidence of PVS fluctuated over the past
decade. All severe PVS cases were likely caused by ablations being performed inside the
PVs. Only 1 patient (0.1%) reported PVS related symptoms of severe dyspnea during
follow-up. CT revealed a subtotal occlusion of the left inferior PV and a severe stenosis of
the left superior PV, requiring stenting.
Conclusion
Although mild PVS was frequently observed after RFCA in this large cohort, incidence of
severe PVS was <1% and incidence of symptomatic PVS necessitating intervention was
negligible. Based on these findings, it seems appropriate to only screen for PVS in patients
with suggestive symptoms.
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INTRO DUCTION
Pulmonary vein stenosis (PVS) is a well-known complication of radiofrequency catheter
ablation (RFCA) of atrial fibrillation (AF). It is defined as a reduction of a pulmonary vein (PV)
diameter and is likely caused by a vascular response to RF energy application leading to
replacement of necrotic myocardium by collagen. (1),(2) The clinical presentation of PVS,
normally appearing 3-6 months after RFCA, varies from asymptomatic in the majority of
patients to occasional symptoms of severe dyspnea, cough, chest pain and hemoptysis.
(3, 4) During follow-up, PVS can be detected by computed tomography (CT), magnetic
resonance imaging (MRI) or transoesophageal echocardiography (TEE).(5-8) Treatment of
severe PVS depends on the symptoms, and varies from no treatment, to balloon dilatation
or stenting.(3) If such interventions fail, severe PVS may even necessitate lobectomy.(9)
Although PVS is a feared complication, it is not clearly defined and its true incidence remains
unknown.(10) Among the studies of AF ablations reviewed for the 2012 expert consensus
statement, PVS was reported in <10% of studies.(1) In studies that did report PVS, various
imaging modalities and definitions for PVS were used and the reported incidence varied
widely. Incidence up to 42% was shown in an earlier study.(11) In contrast, incidence of
only 0.5% was reported in a large systematic review on complications of RFCA.(12) Yet,
many of the studies included in this review only screened for PVS in case of symptoms
suspected to be related to PVS. Because moderate and even severe PVS can remain
asymptomatic,(3) true incidence is likely to be underestimated.(10)
In this study we report a large single-center cohort of patients who were routinely screened
for PVS after RFCA of AF. Goals of this study were to determine incidence of PVS and assess
PVS related symptoms. Changes in incidence of PVS over the past decade were analyzed.

7

METHODS
Patient population
This study was approved by the local ethics committee. All consecutive patients with
symptomatic, drug-refractory or drug-intolerant AF who underwent first pulmonary vein
antrum isolation (PVAI) in the University Medical Center Utrecht over a 11-year period from
January 2005 to January 2016 were analyzed. As part of standard clinical care, all patients
routinely underwent pre-ablation imaging of the left atrium (LA) and PV anatomy and postablation imaging mostly after 4-6 months (range 3-12 months) to screen for PVS. The main
reason for this wide range is that if a redo ablation procedure was scheduled, post-ablation
imaging was performed prior to this procedure.
Patients who did not undergo imaging of the PV anatomy before and/or after ablation (e.g.
due to claustrophobia or refusal of the control scan) or those in whom PV diameters could
not be accurately measured due to insufficient scan quality were excluded. Baseline patient
characteristics were prospectively collected and comprised sex, age, AF type, history of
AF (years since AF was diagnosed), cardiovascular risk factors, structural heart disease,
CHA2DS2-VASc score and LA size measured on echocardiography.
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Imaging protocols before ablation and during follow-up
From 2005 to 2011, patients underwent gadolinium-enhanced MRI of the heart ≤6 months
before and around 6 months after PVAI. Our MRI protocol has been described previously.
(13) In short, a 1.5 T MRI system (Philips Healthcare, Best, The Netherlands) was used
to obtain a MR angiogram (MRA) with single breath-hold 3-dimensional fast spoiled
gradient-echo imaging in coronal view. Scan parameters were as follows: TR = 4 ms, TE
= 1 ms, RF flip angle 35°, field-of-view 400 mm, matrix size 272 × 173, 3 mm slice
thickness, and gap + slice 1.5 mm. As MRI could be planned up to 1 month before PVAI,
all these patients underwent TEE just prior to the procedure to rule out LA and left atrial
appendage (LAA) thrombus.
From 2011 onwards, an ECG-gated cardiac computed tomography angiography (CTA) was
performed ≤7 days prior to and around 6 months after ablation. Our CTA protocol has been
described before.(14, 15) In short, CTA was performed using a 256-slice CT system (Philips
Healthcare). The scan parameters were as follows: collimation 128x0.625 mm, tube voltage

Figure 1. Images of reconstruction of the LA and measurement of the superoinferior (A and C) and
anteroposterior (B and D) diameter of the left superior PV in computed tomography (A and B) and magnetic
resonance imaging (C and D) in two different patients.
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80-120 kV, tube current 195-210 mAs, rotation time 0.27 s. Images were reconstructed
with a slice thickness of 0.9mm and a reconstruction increment of 0.45 mm. TEE was only
performed if LA or LAA thrombus could not be ruled out by CT. In the transition period of
MRI to CT imaging follow-up imaging was performed with the same imaging modality as
the initial scan.
Pulmonary vein anatomy and diameters
Source images were transferred to a commercially available workstation (Vitrea 2, Vital
images or Intellispace, Philips Healthcare) for three dimensional reconstructed images of
the LA, LAA and PVs and measurement of PV diameters. The number and anatomy of PVs
and presence of common trunks were assessed in all patients. A common trunk was defined
as a superior and inferior PV that have joined before entering the LA. Both superoinferior
(SI) and anteroposterior (AP) diameters were measured of the PVs at the level of the ostium
and the common trunks (figure 2). During follow-up, PV diameters were measured in the
same views and on identical locations using the same software as in the initial scan.
Classification of pulmonary vein stenosis
In the 2012 HRS/EHRA/ECAS Expert Consensus Statement, PVS is defined as a reduction
of a PV diameter and classified as mild (<50%), moderate (50%–70%) and severe (>70%
diameter reduction).(1) We classified mild stenosis as a reduction of 30-50% and moderate
and severe stenosis according to the Consensus Statement.
In the 2012 HRS/EHRA/ECAS definition of PVS, it is not specified whether a PV diameter
reduction should be present in one or both measured directions to meet the definition.1 In
our study, PV diameters were measured in SI and AP direction and reduction in both
diameters will be presented. To classify for PVS, a reduction of at least 30% in one of the
PV diameters was sufficient. Diameter reduction in both directions was also noted.

7

The ablation procedure
In all patients, the primary ablation strategy was PVAI without additional ablation of complex
fractionated atrial electrograms and without linear ablation lesions in the LA. Pre-ablation
workup, electrophysiological study and post-ablation care have been described in detail
elsewhere. (16, 17) In short, a three-dimensional cardiac mapping systems (Carto®;
Biosense Webster, Diamond Bar, CA, USA or EnSite™ NavX™; St. Jude Medical inc., St
Paul, MN, USA) was used to obtain a three-dimensional reconstruction of the LA, including
the LAA and the PVs. The right and left PVs were widely encircled at their antrum using
an irrigated tip catheter (ThermoCool® irrigated tip catheter, Biosense Webster) from 2005
to the end of 2013, and contact force (CF) sensing catheters (ThermoCool® SmartTouch™,
Biosense Webster or or TactiCath™; St. Jude medical) from the end of 2013 onwards.
Radiofrequency energy was delivered with a maximum power of 40 W and a maximum
temperature of 42°C. At the posterior wall, maximum power was limited to 30 W. Irrigation
flow rate was 17 mL/min with conventional irrigated tip catheters and 30 mL/min with CF
sensing catheters.
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Follow-up
Patients were seen on the outpatient clinic 3, 6 and 12 months after ablation. Recurrence
of AF and possible PVS related symptoms like cough, dyspnea (on exertion), chest pain,
hemoptysis, and recurrent lung infections were assessed during every visit.
Statistical analysis
Categorical patient variables were shown as number and percentages. Continuous variables
were expressed as means ± standard deviation or median (25th—75th percentile), depending

Figure 2. Patient flow diagram.

Reasons for exclusion are presented for both the pre- and post-ablation scan. None of the excluded patients
reported PVS related symptoms. Contra-indications for a post-ablation scan include renal insufficiency, nonMRI conditional device implantation and allergic reaction to contrast.
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on the normality of the data distribution. PV diameter reduction was calculated for all PVs in
all patients. Statistical analyses were performed using SPSS 21.0 (IBM, Armonk, NY, USA).

RESULTS
From January 2005 to January 2016, 1167 patients underwent primary PVAI. Of these 1167
patients, 976 (83.6%) patients with sufficient imaging quality for assessing the PV anatomy
both before ablation and during follow-up were included in this study (figure 2). None of
the excluded patients reported PVS related symptoms.
Patient characteristics are shown in table 1. Of the 976 included patients, most were male
(76.4%) and suffered from paroxysmal AF (59.1%). Mean LA size before ablation was
42±7mm on echocardiography.
Pulmonary vein anatomy prior to ablation
Prior to PVAI, 429 patients underwent MRI and 547 patients underwent CTA. Pulmonary
vein characteristics are shown in table 2. Most patients (88.9%) had 4 PVs entering the
LA. More than 5 PVs were rare (0.9%) and only one patient had 7 PVs with two left sided
PVs and five PVs on the right side. In 138 patients (14.1%) a left sided common trunk was
present. Overall, the largest PV was the right superior, followed by the right inferior, left
superior and the left inferior PV.

7

Table 1. Patients characteristics (n=976)
Demographics
Male sex

746 (76.4%)

Age, years

58±10

History of AF, years

4 (2-9)

AF type
Paroxysmal

577 (59.1%)

Persistent

314 (32.2%)

Longstanding persistent

85 (8.7%)

BMI, kg/m2

27±4

Hypertension

349 (35.8%)

Diabetes mellitus

69 (7.1%)

Structural heart disease

136 (13.9%)

Congestive heart failure

45 (4.6)

CHA2DS2-VASc score

1 (0-2)

LA size, mm

42±7

Data are expressed as number (percentage), mean±standard deviation or as median (25th–75th percentile).
AF: atrial fibrillation, BMI: body mass index, LA: left atrium. History of AF: years since AF was diagnosed.
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Table 2. Pulmonary vein characteristics (n=976)
Demographics
Number of pulmonary veins
4

868 (88.9%)

5

99 (10.1%)

6

8 (0.8%)

7

1 (0.1%)

Left sided common trunk

138 (14.1%)

Right sided common trunk

11 (1.1%)

LCPV

SI / AP, mm

31±6 / 20±5

LSPV

SI / AP, mm

21±3 / 16±3

LAPV

SI / AP, mm

11±3 / 10±3

LIPV

SI / AP, mm

19±3 / 14±3

RCPV

SI / AP, mm

32±2 / 25±2

RSPV

SI / AP, mm

22±4 / 20±4

RAPV

SI / AP, mm

10±3 / 9±3

RIPV

SI / AP, mm

20±4 / 18±3

Data are expressed as a number (percentage) or as mean±standard deviation. LCPV: left common
pulmonary vein, LSPV: left superior pulmonary vein, LAPV: left additional pulmonary vein, LIPV: left inferior
pulmonary vein, RSPV: right superior pulmonary vein, RAPV: right additional pulmonary vein, RIPV: right
inferior pulmonary vein, SI: superoinferior, AP: anteroposterior

Incidence of pulmonary vein stenosis
Follow-up CTA or MRI was performed with a mean duration of 6±4 months after PVAI.
Table 3 shows an overview of the results. On average, all PVs significantly decreased in
size, with a greater reduction seen in the SI diameter than in the AP diameter. The largest
mean percentage reduction in diameter was found in the left common trunk (SI diameter:
16±13%, AP diameter: 14±15%).
Incidence of PVS in all 976 patients is shown in table 3. Overall, PVS occurred more
frequently in the left PVs than in the right PVs. In total, 355 (36.3%) patients showed mild,
moderate or severe PVS in at least one PV (SI and/or AP diameter). In 306 (31.4%) patients,
a total of 514 PVs (including the common trunks) revealed mild stenosis. Of those 514
PVs, 130 (25.3%) showed a diameter reduction of 30-50% in both measured diameters,
with the greatest incidence of mild PVS occurring in the left common trunk (14.5%)
followed by the left superior PV (14.2%). Among patients with mild PVS, two different
patterns in PV narrowing could be distinguished; either a waist-like tapering or a lumen
narrowing with a smooth transition to the atrium (figure 3). Of all 514 PVs with a mild
stenosis, 430 (83.7%) revealed a waist-like tapering and 84 (16.3%) showed a smooth
transition narrowing.
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Table 3. Incidence of pulmonary vein stenosis (n=976)
Pulmonary Vein

Mean reduction
SI

AP

Mild
PVS

Moderate
PVS

Severe
PVS

(30-50%)

(50-70%)

(>70%)

3 (2.2%)

LCPV (n=138)

16±13%

14±15%

20 (14.5%)

LSPV (n=976)

12±14%

11±16%

139 (14.2%) 14 (1.4%)

LAPV (n=14)

9±7%

8±9%

0

LIPV (n=976)

12±15%

8±18%

133 (13.6%) 18 (1.8%)

0

RCPV (n=11)

11±11%

8±7%

1 (9.1%)

RSPV (n=976)

10±13%

10±15%

122 (12.5%) 10 (1.0%))

0

Total

0

23 (16.7%)

3 (0.3%)

156 (16.0%)

0

0

4 (0.4%)

154 (15.8%)

0

1 (9.1%)

0

132 (13.5%)

RAPV (n=104)

8±19%

6±19%

13 (12.5%)

0

1 (1.0%)

14 (13.6%)

RIPV (n=976)

10±13%

8±14%

86 (8.8%)

5 (0.5%)

1 (0.1%)

92 (9.4%)

7 (0.7%)

355 (36.4%)

Total pts. (≥1PV)

306 (31.4%) 42 (4.3%)

Incidence of pulmonary vein stenosis is presented per pulmonary vein. Data are expressed as
mean±standard deviation or as a number (percentage). SI: superoinferior, AP: anteroposterior, PVS:
pulmonary vein stenosis, LCPV: left common pulmonary vein, LSPV: left superior pulmonary vein, LAPV:
left additional pulmonary vein, LIPV: left inferior pulmonary vein, RSPV: right superior pulmonary vein,
RAPV: right additional pulmonary vein, RIPV: right inferior pulmonary vein,

A moderate stenosis in one diameter was seen in 42 (4.3%) patients, in a total of 50 PVs.
All 50 moderate PVS showed waist-like tapering, and 17 (34%) PVs showed a diameter
reduction of 50-70% in both diameters. Incidence of moderate stenosis varied between
0.5 and 2.2% in all PV locations, and was greatest in the left common trunk.
Seven (0.7%) patients had a severe stenosis in one diameter in a total of 9 PVs. All 9 PVs
revealed a waist-like tapering, and 8 out of 9 (88.9%) PVs showed a >70% diameter
reduction in both diameters. Severe PVS occurred in the left superior, left inferior, right
superior and right middle PVs.

7

Pulmonary vein related symptoms
PVS related symptoms were reported by one of the seven patients with a severe stenosis,
and by none of the patients with mild and moderate PVS. One patient (0.1%) suffered from
dyspnea on exertion 6 months after PVAI. Routine follow-up CT revealed a subtotal
occlusion of the left inferior PV and a severe stenosis of the left superior PV (SI: 74% and
AP: 60% reduction) in this patient. Balloon dilation was performed twice in both left-sided
PVs, but restenosis occurred after both attempts. Subsequently, both PVs were successfully
stented, leading to relief of symptoms. Both PVs remained free of restenosis after 3 years
of follow-up.
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Figure 3. Two patters of narrowing in mild PVS.

The upper CTA images (A and B) show a waist-like tapering of the left inferior PV in the superoinferior diameter
(47% reduction), A: pre-ablation images, B: post-ablation images. The lower CTA images (C and D) show a
lumen narrowing with a smooth transition of the right inferior PV in the anteroposterior diameter (32%
reduction), C: pre-ablation images, D: post-ablation images.

Incidence of PVS over time
The number of mild and moderate PVS showed fluctuations over the past decade, with a
gradual decrease from 2005-2008, followed by an increase to 2011 (figure 4). Six of the
seven cases of severe stenosis occurred in 2011 and 2012. After 2013, there was again a
minor increase in mild to moderate PVS and another case of severe PVS occurred in 2015
(figure 5).Retrospectively, in all patients with moderate and severe PVS, some ablations
were performed inside the affected PV.. We have also reviewed 50 procedures of patients
without PVS. In 40% of these patients, at least one ablation has been applied inside a PV.
Mostly, comparable to the patients that developed PVS, this occurred in the left PVs on
the ridge between the PV and the left atrial appendage.
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Figure 4. Incidence of mild, moderate and severe PVS over the past decade.

7

DISCUSSION
To the best of our knowledge, this is the first study that systematically analyzed incidence
of PVS in a large cohort of patients who were routinely screened after RFCA. It revealed
that mild stenosis occurs frequently after PVAI. Yet, incidence of moderate and severe
stenosis is low, and occurrence of symptomatic PVS necessitating intervention is negligible.
Incidence and severity of PVS fluctuated over the past decade.

Incidence of pulmonary vein stenosis
After identification of the PVs as a potential origin of AF almost two decades ago, RFCA
treatment focused on focal trigger ablation inside the PVs.(18) Unfortunately, ablation in
the PVs resulted in a high incidence of PVS.(2, 11) To prevent PVS, circumferential ablations
at the PV ostium were introduced.(19) Later, ablations shifted to the PV antra in the LA
body.(20) The shift of ablation therapy from inside the PVs towards the PV antra has resulted
in a decrease in the incidence of PVS over the past two decades. From 1999 to 2004,
reported incidence ranged from 0 to 44% (median: 5.4%), whereas later studies reported
incidence from 0-19% (median: 3.1%).(10) However, various imaging modalities and
different criteria for PVS (mostly luminal narrowing >50%) were used.(10)
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Figure 5. Left inferior PV (red arrow) showing severe stenosis after PVAI.

This patient did not report any PVS related complaints. A: pre-ablation images, B: post-ablation images. C:
Real-time three-dimensional maps of the LA, LAA and PVs generated by fast anatomical mapping (FAM)
technology of the CARTO®3 System. D: The real-time three-dimensional reconstruction is merged with CT
images using CARTOMERGE™. As shown in C and D, ablations were performed inside the left inferior PV
(blue arrow).

In our study, incidence of PVS was higher in the left PVs compared to the right PVs.
Retrospectively, this was probably caused by ablations performed inside the left PVs on
the ridge between the PV and the left atrial appendage. However, when we reviewed
ablation procedures of patients that did not develop PVS, in 40% of patients ablations were
also performed inside the PV. Therefore, development of PVS is apparently multifactorial.
Beside ablation inside the PV, other ablation related factors like the contact force, ablation
duration and power settings as well as individual patient related factors like PV anatomy
and tissue characteristics may influence the development of PVS.
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Incidence of PVS fluctuated over the past decade. Interestingly, most cases of severe
stenosis occurred in 2011 and 2012. In these years, several ablations were performed using
a long sheath to create better contact in the LA. In a few of these patients, ablations were
performed inside the PVs and with the good contact created by the long sheath this probably
resulted in the increase of PVS. After this was noted, RFCA was performed without long
sheaths and ablations in the PVs were strictly avoided resulting in a drop of all PVS. After
introduction of CF sensing catheters at the end of 2013, another small increase in PVS was
noted. Hypothetically, CF feedback may result in ablations being applied with greater force.
Therefore, extra caution should be taken with CF sensing catheters not to ablate inside the
PVs. A randomized controlled study comparing CF sensing catheters and non-CF sensing
catheters did not reveal any difference in incidence of PVS (21)
Catheter ablation treatment with different catheters or energy sources has resulted in
varying incidence of PVS. After circumferential ablation with the pulmonary vein ablation
catheter (PVAC) system, moderate PVS occurred in approximately 15% of patients.(22)
First generation cryoballoon ablation showed very low-risk of PVS.(23-25) Data on the
second generation cryoballoon is limited and restricted to case reports.(26)
Difficulties in defining pulmonary vein stenosis
In our study we used current definitions of PVS according to the 2012 HRS/EHRA/ECAS
Expert Consensus Statement. Some difficulties arose using these definitions. We measured
PV diameters in two directions; SI and AP. This is not described in the definitions of the
Consensus Statement. In our study, reduction in one of both diameters was noticed
frequently, whereas reduction in both diameters was only seen in one-quarter of the mild
and one-third of the moderate PVS subgroups. Only in severe PVS, almost all PVs showed
a >70% diameter reduction in both diameters. The severity of PVS is dependent on
reduction of both diameters. Expressing PVS in area reduction may solve this issue.
Another difficulty was the definition of a mild stenosis. In our center, mild stenosis of
at least one PV was found in 31.4% of patients using a modified definition of mild
stenosis to only include stenosis within the 30-50% range. In a previous small study
(n=41) that used the 2012 Expert Consensus Statement criteria for PVS, 59% of patients
showed mild stenosis (<50% diameter reduction on MRI) of at least one PV.(27) Whether
all <50% reductions in PV diameter represent PVS is debatable. It is known that LA size
significantly decreases after PVAI, irrespective of recurrence of AF.(16) Most likely, this
is caused by a combination of shrinking due to ablation-induced fibrosis and reverse
remodeling due to a decreased AF burden.(16) A similar response might be expected for
the PV lumen. We noticed two different patterns in PV narrowing in mild stenosis, either
a waist-like tapering, probably related to fibrosis at the ablation site, or a decrease in
lumen size with smooth transition to the atrium that may also be explained by global
shrinkage of the atria. Because of the high incidence of mild PVS and the fact it has no
clinical implications, mild PVS should perhaps not be seen as a complication of AF ablation
but rather as an ablation effect.

7
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Pulmonary vein stenosis related symptoms
The occurrence of PVS related symptoms depends on several aspects. It is related to the
number of affected PVs, severity of PVS, response of the pulmonary vasculature to the
lesion, presence of collaterals, clinical setting and time course of PVS.(3). Patients requiring
treatment of severe, symptomatic PVS decreased over the past years. A large worldwide
survey studied 16300 patients who underwent AF ablation. From 1995 to 2003, 0.71% of
patients needed intervention for severe PVS compared with 0.29% from 2003 to 2006.
(28) A further decline to 0.1% is seen in our center from 2005 to 2016.
Management of pulmonary vein stenosis
Currently, treatment of PVS is performed in patients with PVS related symptoms. PVS related
symptoms include cough, dyspnea (on exertion), chest pain, decreased exercise tolerance,
hemoptysis, and recurrent lung infections. Since these symptoms are non-specific, they
should be thoroughly evaluated. In case of symptomatic PVS, stenting may be preferred
over balloon angioplasty. In a recent, large observational study of 124 patients with severe
PVS, stenting resulted in significantly less restenosis compared to balloon angioplasty.
Nevertheless, restenosis still occurred in 24% of patients treated with a stent.(29)
Management of patients with asymptomatic PVS is poorly studied and not mentioned in
guidelines. Since the incidence of severe, asymptomatic PVS is very low, patient care
should be individualized. It may be desirable to discuss patients in a multidisciplinary team
to consider additional diagnostics like a V/Q scan or pulmonary function test. Furthermore,
in all patients, symptoms should be closely monitored during follow-up.(3)
Significance of study findings
We demonstrated that mild PVS occurs frequently after PVAI and that incidence of moderate
and severe stenosis is low. Yet, all patients with mild and moderate PVS and most patients
with severe stenosis remained asymptomatic during one year of follow-up. Whether early
diagnosis and treatment of asymptomatic PV stenosis would result in any prognostic benefit
to the patient is unknown. This questions the need of routine screening for asymptomatic
PVS. To reduce costs, and radiation dose in case of CT imaging, screening for PVS only in
patients with suggestive symptoms seems appropriate.
Limitations
This is a single-center cohort study. Our results cannot be translated to other institutions
and other ablation techniques. However, the reported PVS rate may be indicative for centers
using RFCA with a comparable ablation strategy.
Due to the study design, no predictors for PVS could be identified.
Despite PVS was asymptomatic in almost all patients after one year of follow-up, long-term
pulmonary effects are unknown. Conclusions on long-term outcomes cannot be drawn
from our study.
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CONCLUSION
Although overall incidence of mild PVS after PVAI by RFCA was high, moderate to severe
PVS rarely occurred. Only one patient (0.1%) with severe PVS was symptomatic and
required intervention. Ablations performed inside the PVs with good tissue contact were
most likely the cause of severe PVS. Moreover, they also probably caused fluctuations in
incidence of PVS over the past decade. It may be advisable to only screen for PVS in
patients with suggestive symptoms.
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CHAPTER 8

In this thesis we have focused on understanding some of the contemporary challenges
for improvement of RFCA treatment of AF. This chapter summarizes the main findings of
this thesis and presents possible directions for future research.
Radiofrequency catheter ablation outcomes
In chapter 2, we demonstrated that the patient population that underwent RFCA of AF
has transformed over the past decade. Growing confidence in the procedure, increased
physician’s experience and technological improvements led to shifts in patient selection.
In the early years of ablation therapy of atrial fibrillation, RFCA was reserved to younger
patients with lone, paroxysmal AF. Nowadays, more and more older patients, patients with
more comorbidity and with persistent AF are treated. This should be taken into account in
future research. We have also shown that several treatment parameters improved;
procedure duration, fluoroscopy time, radiation dose and complication rate all significantly
decreased over the past 10 years. Nevertheless, and that came as a surprise, procedural
success did not change. Over the years approximately 60% of patients were free of atrial
tachyarrhythmia recurrences one year after the primary procedure. This consistent
recurrence rate is caused by a lack of improvement in creating permanent PV isolation.
Creating transmural lesions with RFCA is dependent on sufficient heat transfer to cardiac
tissue. Heat transfer strongly depends on adequate contact between the catheter electrode
and tissue and on a stable catheter position during RF energy delivery. Catheter positioning
is demanding and a stable position is often difficult to achieve due to cardiac contraction
and breathing movements together with an often complex LA and PV ostia anatomy. Thus,
transmurality of the ablation lesions is frequently hampered. In addition, tissue heating
with RF energy may lead to edema, which protects deeper layers from thermal conduction.
Therefore, part of the lesion may be reversible and electrical conduction may reoccur after
initially successful PVAI, leading to PV reconnection and recurrence of AF. Even today, in
more than 30% of the patients 2 or more catheter ablations have to be performed to
achieve the overall success. That holds true not only for patients with (longstanding)
persistent AF, but also for patients with paroxysmal AF. For over a decade, PVAI has been
our procedural endpoint. Evidently, this is not a sufficient predictor of permanent isolation.
Future focus should lie on inventing and developing techniques to create transmural and
permanent ablation lesions. Although several scientific breakthroughs regarding this
challenge, like contact force-sensing catheters and adenosine testing, have emerged, the
true remedy is still waiting to be discovered.
In chapter 3, we showed that after one PVAI only 40% of patients remained completely
free of atrial tachyarrhythmia recurrences after 5 years of follow-up. Multiple re-PV isolation
procedures increased success to almost 60%. Current substrate modification strategies
added only little to overall success. Although the definition of success is essential in
comparing outcomes of different ablation strategies in clinical research, it is strict and does
not fully comprise the patient’s perspective on the treatment. Since ablation procedures
are mainly performed to reduce symptoms and improve quality of life, clinical success is
a second important outcome measure. Patients with clinical success experience significant
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clinical improvement in spite of (infrequent) arrhythmia recurrences. In our study, success
or clinical success was achieved in nearly 90% of patients. So, a minimal ablation approach
of PVAI without additional substrate modification is beneficial for the majority. This important
finding was reproduced recently in another study.(1)
Success of RFCA treatment is highly dependent on patient selection. In chapter 3, we
revealed that patients with non-paroxysmal AF, female sex, high body mass index (BMI),
hypertension, and long AF duration experienced more recurrences even after multiple
RFCA procedures. In the early years of AF ablation, mainly patients with paroxysmal AF
and little comorbidity were treated and included in studies. These patients have the highest
probabilities of success. Another strategy for improving RFCA outcomes is adjusting
patient’s comorbidity. A recent study has revealed that strict regulation of cardiovascular
disease risk factors like hypertension and BMI by rigorous diet and lifestyle modifications
improved procedural success.(2) Also, encouraging physical activity by cardiac rehabilitation
after ablation therapy has demonstrated beneficial effects.(3) Even in the absence of
ablation therapy, significant weight loss and lifestyle modification can drastically reduce a
patient’s burden of AF.(4) Therefore, lifestyle modifications and strict regulation of
cardiovascular risk factors, for instance by stimulating cardiac rehabilitation, should be
included in patient care, both before and after ablation therapy.
Recently, a clinical scoring system has been developed to predict long-term freedom from
AF after ablation: the CAAP-AF score.(5) The CAAP-AF acronym stands for the presence
or absence of Coronary artery disease, the left Atrial diameter, Age, the presence of
Persistent or long-standing AF, the number of Antiarrhythmic drugs failed, and Female sex.
Female sex has been shown to be an independent predictor of AF recurrence after RFCA
in many studies.(6-9) Lately, there has been increasing interest in gender differences in
cardiovascular disease. It is known that there are significant differences in ion-channel
expression between sexes.(10) Moreover, a large cohort study of 3265 female patients
revealed that females failed ablation more often than males potentially because of a higher
prevalence of non-PV triggers.(11) Last, females may suffer from a more fibrotic substrate
based AF, although this has not been studied yet. Future research should focus on gender
specific pathophysiological differences.
The previous chapters were dedicated to treatment success. In chapter 4, we shifted
focus to patients that did not benefit from treatment and we described the challenge of
identifying patients that truly failed AF ablation. After the last procedure, approximately
10% of patients failed RFCA. Yet, most of these patients only underwent one or multiple
PVAIs, without additional substrate modification. In these patients, another ablation
procedure might have resulted in clinical improvement. Nevertheless, these patients chose
a different treatment strategy, mainly because of a lack of symptoms. So, treatment
preferences may change over time. Only in 3.5% of patients, RFCA truly failed after multiple
procedures with extensive substrate modification. True failure is hard to define. In theory,
there is no limit to the number of ablations that can be performed in a patient. Yet, in the
patients who we considered truly failed, extensive additional substrate modification was
performed in multiple procedures and chances on finding new eligible ablation targets that
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would lead to abolishment of AF were regarded to be very low. True failure patients suffered
mainly from severely remodeled atria. The atria were severely enlarged and atrial fibrillation
was mostly continuously present for over 1 year prior to the first procedure. Eventually,
ablation therapy might be discouraged in these patients.
In chapter 5, we focused on the timing of adenosine testing after PVAI. Next to a waiting
period, administration of adenosine can reveal dormant conduction when the ablated
myocardial tissue around the PV’s is temporary damaged yet viable. By administering
adenosine, PV reconnection can be unmasked during the procedure instead of occurring
during follow-up. Re-isolation of unmasked PV reconnection can increase procedure
success. Given the usually long procedure duration, it would be helpful if adenosine testing
could substitute a waiting period. However, in order to reveal dormant conduction, correct
timing of adenosine is essential. We have proven that adenosine testing immediately after
PVAI does not reliably exclude spontaneous or adenosine induced PV reconnection after
a ≥30 min observation period and should therefore be avoided. Identification of the correct
timing of adenosine after PVAI adds another piece to the puzzle of creating complete
transmural lesions.
Periprocedural imaging
Then, in the last chapters of this thesis, we elaborated some challenges in periprocedural
cardiac imaging. In chapter 6, we discussed imaging of LAA thrombus by CTA prior to AF
ablation. CTA is very well capable of excluding thrombus, but accurate detection of
thrombus can be more difficult. Loss of atrial contractility during AF and sluggish flow
through the neck of the LAA can cause incomplete mixing of contrast and blood mimicking
LAA thrombus. As a consequence, the main challenge in CTA is to increase the specificity
and positive predictive value. Ideally, this is achieved without increasing contrast and
radiation doses. Nevertheless, with traditional CTA techniques this is difficult to realize.
Delayed phase imaging protocols increase the radiation exposure and double-contrast
protocols the contrast dose. We have shown that our double-contrast single-phase
computed tomography angiography protocol with a 25-s inter contrast bolus delay, results
in a low incidence of LAA filling defects. Yet, the positive predictive value for LAA thrombus
remains low.
Future techniques that may be capable of visualizing thrombus without increasing contrast
or radiation dose include dual-energy cardiac CT scans. In dual-energy CT, data sets with
different kilovoltages can be acquired allowing to measure iodine concentrations. The
clinical release of a new spectral detector-based CT (IQon, Philips Healthcare) identifies
photons of high energy and low energy simultaneously. Thereby, iodine measurements
can be performed retrospectively in all scans. In 2016, the University Medical Center
Utrecht was the first center worldwide to test the IQon.
Another modality that might be capable of accurate detection of LAA thrombus is MRI. A
recent study in 261 patients revealed that delayed enhancement cardiac MRI, using a long
inversion time of 600 ms, had a high positive predictive value, specificity, and 100%
sensitivity. Contrast-enhanced MRA and cine CMR showed to be less favorable as some
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cases of thrombi were missed resulting in a reduced sensitivity.(12)
Last, in chapter 7, we analyzed incidence of PV stenosis after RFCA. We showed that mild
stenosis in at least on PV occurs in over 30% of patients and severe stenosis in less than
1% of patients. Furthermore we have showed that moderate and even severe PV stenosis
can be clinically silent. Symptoms were absent in all of the patients with mild and moderate
stenosis and in the majority of patients with a severe stenosis. Since treatment of PVS is
at present only performed in symptomatic patients, routine screening in asymptomatic
patients has little clinical consequences and it seems appropriate to only screen for PVS
in patients with suggestive symptoms. Nevertheless, long-term outcomes of untreated,
asymptomatic PVS are unknown. Future research is needed to identify the risk of
complications, like pulmonary hypertension, resulting from asymptomatic PVS.
A recent large observational study in 124 patients with severe PVS in a total of in 219
veins showed that the best treatment option in these patients is stenting. It significantly
reduces the risk of subsequent PV restenosis compared to balloon angioplasty.
Nevertheless, also in stenting, 3-year restenosis rate was 25%.(13)
Future directions
Some innovative techniques might solve the challenge of creating transmural and
permanent ablation lesions. RF ablation, albeit widely used, has important limitations. As
pointed out in this thesis, incomplete lesion formation and nontransmural lesions lead to
high recurrence rates. Excessive tissue heating is difficult to avoid, especially with irrigated
tip catheters, and may lead to serious complications like pulmonary vein stenosis, cardiac
perforation due to tissue overheating and steam pops and thromboembolic complications.
Before RF energy became available in the early 1990s, Direct Current (DC) ablation was
used to treat cardiac arrhythmias.(14) DC ablation was performed by applying 300 to 400
J on a 2-mm distal electrode of a nondeflectable catheter. This technique was, however,
quickly abandoned because of serious drawbacks like proarrhythmia and excessive tissue
damage due to barotrauma. In recent years, interest in low-energy DC ablation, at an energy
level below aching threshold, has rekindled.(15) Currently, in low-energy DC ablation, 200
J are applied on a circular catheter with multiple electrodes.(16) DC delivery creates lesions
by the formation of small pores in the cell membrane, called electroporation. In contrast
to RF energy, the injury is not heat mediated, but caused by an electrical field that affects
the lipid structure of the cell membrane. If enough energy is delivered, the cell will die,
leading to ‘irreversible electroporation’ (IRE).(17, 18) Due to its non-thermal character, IRE
may be safer and more effective than RFCA. In animal studies, safety, feasibility and the
ability of creating continuous, deep lesion of low-energy DC have been demonstrated.(19,
20) First in man experiments are scheduled to start in the fall of 2017 in the University
Medical Center Utrecht.
Another promising development is called the ablation index. The ablation index is a novel
lesion quality marker for RF ablation that utilizes time, contact force, and power in a
weighted formula, ultimately leading to prediction of transmural lesions in the entire ablation
line.(21) This technique is still in the experimental phase and will be tested in the PRAISE
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study (GOV-clinical trials: NCT02628730).
Also, RF ablation through minimal invasive video assisted thoracoscopic surgery (VATS)
might be more suitable than transvenous RF ablation to create transmural and durable
lesions. In VATS ablation, epicardial PVAI using bipolar RF clamps could translate in
permanent isolation of the PVs. In addition, surgical exclusion of the LAA may eliminate
an important source of non-PV triggers and thrombus formation.(22, 23) Furthermore, direct
vision on epicardial linear ablation lesions could lead to sufficient substrate modification,
for instance by perpetual isolation of the LA posterior wall. As a consequence, it might
accomplish better results in patients with non-paroxysmal AF compared to RFCA. Currently,
the only performed randomized controlled-trial comparing VATS ablation versus CA is the
FAST-trial. It demonstrated significantly less AF recurrences after VATS ablation.(24)
However, in this study, patients suffering from both paroxysmal AF and persistent AF were
included. Moreover, most included patients had already undergone prior unsuccessful
RFCA.(24) Other randomized trials using a standardized procedure are urgently needed to
clearly define the benefits and risks of VATS ablation as a primary treatment option for
AF.(25) In 2018, the University Medical Center Utrecht will initiate the randomized
multicenter study “Catheter Ablation versus VIdeo Assisted thoRacoscopic surgery for the
treatment of (longstanding) persistent atrial fibrillation” (CAVIAR-trial, Dutch trial register:
NTR5081).
Last, we might need to think outside the box of conventional ablation and AAD treatments
to solve the mystery of curing AF. It is well known that epicardial autonomic ganglia play
an important role in the initiation and maintenance of AF.(26) New autonomic neuron
modulating therapies such as vagal stimulators are showing promising results in canine
studies.(27, 28) Furthermore, the complex heterogeneity of AF might ask for a more
individualized based treatment approach. In the future, individual genetic characterization
may contribute greatly. Patients with a predisposition towards fibrosis may be treated with
anti-fibrotic agents whereas patients with a channel mutation might be better off with a
targeted AAD approach.
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NEDERL ANDSE SAMENVAT TING
Atriumfibrilleren (AF) is wereldwijd de meest voorkomende hartritmestoornis. Het wordt
gekenmerkt door elektrische chaos in de boezems van het hart, wat een snelle,
onregelmatige hartslag tot gevolg heeft. AF komt bij 1 tot 2% van de bevolking voor en
het aantal mensen dat aan AF lijdt zal waarschijnlijk in de komende 50 jaar verdubbelen.
Zodoende wordt AF gezien als een van de epidemieën van de huidige tijd. AF is geen
goedaardige ritmestoornis. Het verhoogt de kans op overlijden en de kans op andere
ernstige aandoeningen zoals hartfalen en herseninfarcten. Door AF neemt kans op een
herseninfarct met een factor vijf toe. Daarbovenop is AF geassocieerd met een verminderde
kwaliteit van leven. In Nederland leidt AF tot meer dan 38 duizend ziekenhuisopnames per
jaar en worden de jaarlijkse zorgkosten geschat op 583 miljoen euro.
Atriumfibrilleren wordt in eerste instantie veelal medicamenteus behandeld. Echter als
medicijnen niet genoeg werken of teveel bijwerkingen geven kan een ablatiebehandeling
worden overwogen. Bij een ablatiebehandeling worden er middels speciale katheters in
het hart littekens aangebracht die de verstoorde elektrische prikkelvorming en daarmee
de hartritmestoornis kunnen verhelpen. De meest gebruikte energie voor een katheterablatie
is radiofrequente (RF) stroom. Bij een RF ablatie worden er middels lokale verhitting >50°C,
homogene, necrotische laesies gevormd.
Minder dan 2 decennia geleden waren ablatiebehandelingen van AF beperkt tot
experimentele ablaties in beide boezems of palliatieve ablatie van de atrioventriculaire
knoop. Echter, in 1998 werd een baanbrekende ontdekking gedaan: ectopisch vurende
foci, gelokaliseerd in de longaderen bleken frequent de uitlokkende factor van AF te zijn.
Deze ontdekking zorgde voor een therapeutisch ablatiefocus. Door een continue, circulair
litteken te maken rondom de longaderen kunnen de longaderen elektrisch geïsoleerd
worden van de linker boezem. Zodoende kunnen de ectopische foci niet meer de boezem
bereiken, en daarmee AF niet meer induceren. Naast deze longaderisolatie kunnen nog
vele andere, additionele ablaties uitgevoerd worden. Deze additionele ablaties richten zich
meer op het substraat van bindweefsel in de boezems dat AF veelal laat aanhouden. In
het Universitair Medisch Centrum Utrecht wordt er bij alle patiënten tijdens een eerste
ablatiebehandeling alleen de longaders geïsoleerd. Pas als de longaderen geïsoleerd blijken
en patiënten toch last houden van AF worden er in een nieuwe procedure additionele
ablaties uitgevoerd.
In dit proefschrift presenteren wij een breed onderzoek naar de hedendaagse uitdagingen
in RF katheterablatie van AF, van de diagnostische work-up tot procedurele uitkomsten
en post-procedurele beeldvorming. In hoofdstuk 2 hebben wij aangetoond dat, in het
afgelopen decennium, de patiëntpopulatie die een RF katheterablatie onderging voor AF
significant veranderd is. In de beginjaren werden voornamelijk jonge patiënten met
aanvalsgewijs AF en zonder comorbiditeit geableerd. Heden ten dage wordt de behandeling
aan een complexere populatie aangeboden bestaande uit patiënten met ernstigere
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comorbiditeit en aanhoudend AF. Daarnaast hebben we gedemonstreerd dat verscheidene
procedure karakteristieken verbeterd zijn; operatietijd, de hoeveelheid straling en het aantal
complicaties verminderde significant de afgelopen tien jaar. Desalniettemin, en dat kwam
als een verrassing, nam het succes van de ingreep niet toe. Over de jaren heen waren zo’n
60% van de patiënten, een jaar na de ingreep volledig van hun hartritmestoornis genezen.
In hoofdstuk 3 hebben wij aangetoond dat vijf jaar na de eerste behandeling nog zo’n 40%
van de patiënten compleet genezen was van AF. De belangrijkste oorzaak van het
terugkeren van AF is het optreden van reconnectie tussen de longaderen en de linker
boezem door gedeeltelijke genezing van het aangebrachte ablatielitteken. Meerdere
herhalingsbehandelingen deden dit succespercentage stijgen tot 60%. Echter, bijna 90%
van de patiënten merkten een significante voortuitgang op vergeleken met de situatie
voorafgaand aan de behandeling. Buiten de longaderisolatie voegde additionele ablaties
van het atriale substraat niet veel toe aan dit succes. Uit deze resultaten konden wij
concluderend dat onze minimale behandelingsstrategie van de longaderisolatie zonder
additionele ablaties van het atriale substraat voordelig was voor de meerderheid van de
patiënten. Een doel voor toekomstig onderzoek is het verbeteren van het succes,
voornamelijk door een techniek te vinden om permanente longaderisolatie te creëren.
De voorgaande hoofdstukken waren voornamelijk gericht op het succes van de behandeling.
In hoofdstuk 4 hebben wij ons gericht op patiënten die geen baat hadden van de procedure.
Na lange termijn follow-up bleek bij ongeveer 10% van de patiënten, een of meerdere
ablatiebehandelingen geen vermindering van klachten te hebben gegeven. Echter, de
meerderheid van deze patiënten hadden slechts een of meerdere longaderisolaties gehad
zonder uitgebreide additionele ablaties. Een nieuwe ablatiebehandeling had bij deze
patiënten mogelijk wel tot succes geleid. Desalniettemin besloten zij een
behandelingsstrategie te kiezen. Slechts in 3.5% van de patiënten was de behandeling
gefaald na meerdere ablaties met zeer uitgebreide substraat modificatie. Zij hadden
voornamelijk al vele jaren continue AF met daarbij zeer grote boezems. Dit zijn tekenen
van vergevorderde ziekte. In deze patiënten moet de behandeling in de toekomst mogelijk
niet meer aangeboden worden.
In hoofdstuk 5 onderzochten wij een nieuwe doorbraak in de ablatiebehandeling van AF:
de adenosinetest na longaderisolatie. Adenosine kan cellen die door ablatie wel beschadigd
zijn, maar waarbij geen celdood heeft opgetreden activeren. Deze beschadigde cellen zijn
vaak de oorzaak van het genezen van het aangebrachte litteken rondom de longaders, wat
leidt tot reconnectie van de longaderen met de linker boezem en uiteindelijk het terugkeren
van AF. Het aantonen van de beschadigde cellen middels adenosine na longaderisolatie en
het vervolgens opnieuw ableren van die cellen verhoogt het succespercentage. Wij hebben
aangetoond dat adenosine niet direct na de longaderisolatie gegeven moet worden, maar
na een wachttijd van een half uur. Dit is van groot belang om de test niet vals negatief te
laten zijn.
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In de laatste twee hoofdstukken van het proefschrift gaan we meer in op beeldvorming
rondom de ablatieprocedure. In hoofdstuk 6 richten wij ons op het uitsluiten van stolsels
in de linker boezem en in het linker hartoor voorafgaand aan de procedure. Het uitsluiten
van stolsel is een vereiste en kan op meerdere manieren plaatsvinden. Transoesofageale
echocardiografie is de gouden standaard en is het best in staat stolsel aan te tonen. Dit is
echter een belastend onderzoek voor de patiënten. Zodoende worden andere modaliteiten
als MRI en CT steeds meer toegepast. Wij onderzochten een CT protocol waarbij zo min
mogelijk contrast wordt gegeven en toch het stolsel uitgesloten kan worden. Onze
resultaten lieten zien dat het een veilig protocol is, dat de incidentie van stolsel erg laag is,
maar dat het niet goed in staat is stolsel van een trage flow artefact te differentiëren.
Tot slot onderzochten wij in hoofdstuk 7 de incidentie van longaderstenose, een gevreesde
complicatie van de behandeling. Wij hebben bij een grote groep patiënten over een periode
van 10 jaar standaard een half jaar na de procedure middels een CT of MRI gescreend voor
longaderstenose. In deze groep patiënten hebben wij aangetoond dat milde stenose van
ten minste een longader in meer dan 30% van de patiënten voorkomt en ernstige stenose
in minder dan 1%. Daarnaast hebben wij laten zien dat alle patiënten met een milde en
matige stenose, en vrijwel alle patiënten met een ernstige stenose hier geen klachten van
krijgen. Gezien het feit dat behandeling van longaderstenose alleen plaatsvindt bij
symptomatische patiënten lijkt routinematig screenen voor longaderstenose niet gepast.
Verder onderzoek is nodig om het risico op complicaties, als pulmonaire hypertensie, van
asymptomatisch longaderstenose in te schatten.
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DANKWOORD
In november 2013 begon ik met gezonde spanning aan het project wat in dit proefschrift
heeft geresulteerd. Nu, 3.5 jaar later, durf ik met recht te zeggen dat het een prachtige tijd
was, dat ik gegroeid ben als mens en als dokter en dat ik het niet anders had willen doen.
Een hoop mensen hebben hier aan bijgedragen en hen ben ik op zijn minst een kleine
dankbetuiging schuldig. Helaas waren er ook moeilijke momenten. De steun van iedereen
uit het elektrofysiologieteam na het overlijden van mijn moeder heb ik als hartverwarmend
ervaren. Jullie aanwezigheid, medeleven en begrip was ongekend.
Prof. Doevendans, beste Pieter, eindelijk kan ik het juiste antwoord geven op de vraag
die je mij al zo vaak stelde: “Is je boekje al af?” Ja! Bedankt voor het medemogelijk maken
van mijn promotie. Onze besprekingen met steevast scherpe, kritische opmerkingen van
jouw kant heb ik altijd gewaardeerd.
Dr. Loh, beste Peter, ik kijk op tegen jouw precisie, geduld, kennis en kunde. Hierbij denk
ik aan samen minutieus een artikel doorlopen en twijfelen over de juiste toon van dat ene
woordje. Aan dagen op de HCK en nog maar een keer die tachycardie mappen. Aan jouw
rust op kritieke momenten. Bedankt voor alle lessen, alle leuke momenten en de gezellige
diners in Parijs, San Francisco en Zeist. De afgelopen jaren was je mijn opleider, hopelijk
kunnen we dit in de toekomst een vervolg geven.
Dr. Hassink, beste Rutger, jij was degene die in mij geloofde tijdens mijn klinische stage
op de afdeling cardiologie in mijn laatste jaar geneeskunde. Je begeleide mij niet alleen bij
mijn wetenschappelijke stage maar bood mij tevens, samen met Peter deze promotieplek
aan. Bedankt voor dat vertrouwen, voor al jouw hulp bij mijn onderzoeken en alle gezellige
momenten.
Dr. van der Heijden, beste Jeroen, jouw verhelderende, kritische maar vooral realistische
kijk op mijn onderzoeken waren verfrissend. Bovendien deed jouw eeuwige schaterlach
mij altijd goed. Bedankt voor de goede tijd!
Drs. Clappers, beste Nick, samenwerken als de Clappers/Teunissen publicatietrein was
een feest, evenals de vele procedures die wij samen hebben uitgevoerd. Ik bewonder jouw
eeuwig goede humeur, ongekende optimisme en onvermoeibaarheid. Je bent met recht
een voorbeeld. Als kamergenoot wil ik je tevens bedanken voor de dagelijkse dosis humor,
slappe verhalen en liters Dharkan.
Beste Wil, the man, the myth, the legend. Wat heb jij mij veel geleerd. Jouw uitleggen,
altijd ondersteund door (jaloersmakend mooie) tekeningen van rondcirkelende
hartritmestoornissen, zullen mij bijblijven. Daar ben ik je dankbaar voor. Hopelijk komt er
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een vervolg van Kas Willenberg op HCK2. Tevens hoop ik van harte dat jouw promotie er
ook ooit van mag komen, het is je gegund!
Dr. Wittkampf, beste Fred, bedankt dat jij in 2005 een, ietwat ingewikkelde, excel database
begon bij te houden. Je hebt hiermee de fundering voor mijn proefschrift gelegd. Ik hoop
dat het ACDC project een daverend succes wordt.
Prof. Velthuis, beste Birgitta, bedankt voor jouw vakkundige hulp bij mijn imaging
onderzoeken. Het was een feest om onder het genot van een goede espresso en een
lekker koekje samen scans door te kijken. Van harte met de terechte benoeming tot
professor.
Dr. Cramer, beste Maarten-Jan, hebben we toch samen gepubliceerd!! Bedankt voor
jouw dagelijks portie sprankelende energie.
Beste Rolf, keer op keer ben ik onder de indruk van jouw expertise en kundigheid. Neem
die keer dat jij mij vanuit thuis, “blind” door een activatiemap heen loosde; waanzinnig.
Bedankt voor jouw inzet voor mijn studies en bovenal de vele leerzame en gezellige uren
op de HCK!
Dr. Habets, beste Jesse, bedankt voor jouw hulp met mijn hartoortjes studie.
Dr. Zuithoff, beste Peter, bedankt voor jouw hulp bij mijn statistische analyses.
Leden van de leescommissie, prof. Hauer, prof. Smeets, prof. van Gelder, prof. Crijns
en Dr. Trines, bedankt voor het beoordelen van mijn proefschrift.
Dr. Tuinenburg en Dr. Meine, beste Anton en Mathias, bedankt voor 3.5 jaar grote visites
vol wijze lessen, eindeloze weetjes en komische verhalen. Ik ga het missen!
Wouter, Tor, na 3 jaar kantoorhuwelijk ben je een goede vriend. Je hebt ervoor gezorgd
dat ik alle jaren met veel plezier ‘s ochtends de deur van het nest opendeed. Ik heb genoten
van jouw humor en jouw lange kritische betogen over wie of wat dan ook. Het zou
fantastisch zijn als we in de toekomst zij aan zij in de cardiologie zouden kunnen werken.
Iris, wat was je een aanwinst voor het nest. We werden niet alleen 4 computerschermen,
meters hoge ECG stapels en kilo’s avocado’s rijker, maar vooral jouw humor, lach en
gezelligheid. Bedankt daarvoor!
Ook mijn andere kamergenoten, Mirjam, Jurian, Moniek, Ivy, Erik en Odette bedankt
voor de leuke tijd.
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Dan de geweldige meiden van het EFO secretariaat. Hallootjes lieve Linda, Joyce,
Veronique, Cornelie, Fenna, Emely en Marlies, jullie hebben mijn 3.5 jaar op de EFO
heel veel kleur gegeven. Bedankt voor al jullie hulp, alle taartmomentjes, bakkies koffie en
luisterende oren. Ik ga jullie enorm missen.
Ingrid, Sylvia, Tamara, Jantine, bedankt voor al jullie hulp.
Alle andere onderzoekers, bedankt voor de gezelligheid, biertjes en leuke uitjes: wintersport,
Leuven, Sofia. Thomas (Toby) en Remco (Corrie), bedankt voor jullie cynisme en uiteraard
het geestverruimende thombocor weekend. Rene (postdoc Ronnie), ouwe slager. Succes
met al jouw projecten, maar ACDC in het bijzonder. Einar, grote Noorse voorspeller, 2018
wil ik mijn revanche. Schrijf maar vast op: Mbappé topscorer. Peter-Paul, een ding weet
ik zeker: jij wordt onze volgende hoogleraar. Bart, je was een geweldige aanvulling uit het
mooie Nijmegen. Ik denk hierbij aan hoogtepunten tijdens de vierdaagsefeesten, en
binnenkort Guns n Roses. Wouter G (Gathieyayo), bedankt voor alle steun de afgelopen
maanden. Zet hem op met de laatste loodjes. Roos, succes in Amsterdam, als een het
verdient ben jij het wel! Dirk (durka-durka MJ), je ging als een wervelwind door jouw
promotie, maar was er lang genoeg om een onuitwisbare indruk achter te laten. Overige,
autonome villa bewoners, Mira, Cheyenne, Bas, Thijs en 45 TG studenten van Ronnie,
bedankt voor alle gezellige lunches en succes met jullie promoties. De jonge garde Aryan,
Rick, Nynke, Laurens en Mark, maak er wat moois van. En ook de oude garde, Freek,
Willemien, Sofieke, Judith, Ing Han, Anneline, Massieh, Sanne, Manon en Jetske
(nogmaals dank voor jouw hulp bij mijn nieuwe baan), bedankt.
Alle medewerkers op de HCK, bedankt voor jullie inzet voor mijn studies, alle dubbele
espresso’s (5-0-0), jullie geduld en (mogelijk geveinsde) interesse in mijn lange verhalen
over boezemfibrilleren. Hopelijk tot in de toekomst.
Lieve Heersers, Ron, Emma, Robbert, Wouter en Annemieke, bedankt voor de
geweldige etentjes. Die houden we erin.
Rotterdammers, Michiel, Jelle, Michel en Arvind, bedankt voor de heerlijke
zaterdagavonden. Jullie hielden mij met beide benen op de grond.
Ron, Koen, Douwe, Jasper, Arjan, Joris, Daan, mijn vrienden, op jullie kan ik bouwen.
Jesse, wijze vriend, nogmaals bedankt voor het geweldige ontwerp van mijn proefschrift.
Paranimfen Emma en Michiel. Lieve Emma, mijn grote vriendin. Ik ben trots dat je mijn
beste vriendin bent en dat je aan mijn zijde staat tijdens mijn promotie. Jouw
onvoorwaardelijke steun in de afgelopen maanden hebben grote indruk op mij gemaakt.
Ik kijk uit naar nog vele jaren samen, met veel te zware bootcamplesjes, over de top diners
met heerlijke wijnen en feestjes. Lieve Michiel, mijn grote vriend. Bedankt voor jouw
verfrissende humor en aanwezigheid. Volgend jaar het WK darts?
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Lieve Oma, Mieke, Rob, Lisanne en Brent, bedankt voor jullie liefde en omarming in de
familie.
Familie Teunissen en Wesseling, bedankt.
Lieve pa, natuurlijk ik draag dit proefschrift ook aan jou op. Samen slepen we ons door de
moeilijke tijd heen. Dag voor dag. Ik kijk op tegen jouw wijsheid, jouw lichtvoetigheid en
jouw humor. Ik kijk vooruit en hoop op nog vele onvergetelijke momenten zoals in Curaçao
met je te beleven.
Lieve mam, ik mis je enorm. Ondanks dat je er niet fysiek bij bent, weet ik dat je trots
bent. Ik zal er alles aan doen om in jouw geest door te leven.
Thom, lieve broer. Mijn beste vriend door dik en dun. Ik koester onze band!
Lieve Marloes, liefde van mijn leven. We begonnen samen aan dit avontuur en sluiten het
op dezelfde dag af. Als dat niet bijzonder is weet ik het ook niet meer. Ik ben waanzinnig
trots op je en ik kijk uit naar onze toekomst samen. Ik houd van je!
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CURRICULUM VITAE
Cas Teunissen was born on 13 October 1988 in Rotterdam to Harm Teunissen and Francis
Wesseling. After graduating from high school (Emmauscollege, Rotterdam), he moved to
Utrecht and started Medical school at the university of Utrecht. During Medical school he
did an internship psychiatry in Curacao and an internship on the ambulance. In the last year
of Medical school, he performed a research project in electrophysiology department of the
University Medical Center Utrecht under the direct supervision of Dr. Rutger Hassink.
During these 3 months, he discovered that his future was in the yield of cardiology.
Directly after obtaining his medical degree in November 2013, he started working as a PhD
student in the University Medical Center Utrecht under the direct supervision of Professor
Pieter Doevendans en Dr. Peter Loh. His PhD focused on radiofrequency catheter ablation
of atrial fibrillation. He presented his results on several national and international
conferences.
In April 2017, Cas started as a clinician (ANIOS) at the Cardiology department of the
Meander Medisch Centrum, Amersfoort under supervision of Dr. Bart de Smet. He is
hoping to start as a resident Cardiology in 2018.
Cas currently lives in Utrecht with his official partner Marloes Visser.
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