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General introduction
Atrial fibrillation
Atrial fibrillation (AF) is an atrial arrhythmia characterized by irregular heart rate
due to diffuse and chaotic atrial activity and irregular ventricular response. With a
prevalence ranging from 2 – 3% in the EU and the USA it is not only the most
common sustained cardiac arrhythmia but also one of the most important public
health issues1. The prevalence of AF is expected to double over the next 50 years
as the population ages2.
The prevalence of AF increases with advanced age, the reported prevalence for the
population below 49 years of age is between 0.1 and 0.2 % and over 10% in people
older than 75 years2. AF is more common in men than women, with an approximated
ratio of 1.2:1. Patients with conditions as hypertension, heart failure, coronary artery
disease, valvular heart disease, obesity, diabetes mellitus, or chronic kidney
disease also have a higher risk for AF3–9.
Symptoms of AF vary widely among patients. In a discrete 10-15% of the patients,
particularly in elderly, AF occurs in the absence of symptoms, therefore the actual
prevalence of AF is probably still underestimated10–12. The most common symptom
of AF is fatigue but patients also commonly present themselves with palpitations,
shortness of breath, exercise intolerance and chest pain.
The main risk of AF is the occurrence of thromboembolic events. AF is associated
with a 5-fold increase in risk of stroke resulting in a significant morbidity and
mortality6. AF is also associated with a 3 fold risk of heart failure while tachycardiainduced cardiomyopathy may develop when the ventricular rate is not adequately
controlled13. Both the risk of thromboembolic events and the ventricular rate can
be well controlled by pharmacological treatment. Therefore AF is not a lifethreatening arrhythmia. However, it can have a significant effect on the quality of
life.
Typically AF starts with a paroxysmal pattern, coming in episodes starting and
terminating spontaneously, without intervention, in less than 7 days. In time AF
progresses to a permanent form in the majority of patients where AF is continuous,
and interventions to restore sinus rhythm have either failed or not been attempted.
The progressive nature of was found to result from electrical and structural
remodelling known as “AF begets AF”14.
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Both a trigger, a focal electrical activation, as well as an atrial substrate capable
to promote and maintain the electrical activation, are required for AF to be induced.
In paroxysmal AF the left atrial myocardial sleeves represent the most common
origin of focal electrical activation15. Around the pulmonary veins, the myocardial
sleeves extend beyond the cardiac silhouette creating electrophysiological
characteristics favourable for spontaneous electrical activation16. On the ECG AF
can be characterized by an irregular ventricular interval and the absence of distinct
organized atrial activity.
Pulmonary vein isolation
Rhythm control of AF by drug therapy has shown limited efficacy and is often
associated with side effects. After it was discovered that AF is triggered from the
pulmonary veins (PVs) in the majority of cases, electrical isolation of the PVs by
ablation has become the cornerstone in symptomatic AF treatment15. Catheter
ablation has proven to be superior to anti-arrhythmic drugs in rhythm control17,18.
The historical approach to achieve complete PV isolation (PVI) is point-by-point
catheter ablation using radio frequency (RF) causing cellular necrosis by heat. RF
catheter ablation for PVI is a technically challenging and time consuming
procedure. Therefore alternatives to point-by-point RF PVI have been introduced
over recent years. These alternatives, such as cryoballoon, laser balloon and multielectrode phased array RF catheters, aim to reduce PVI complexity19–21.
Cryoballoon PVI
The cryoballoon was first introduced in 2006. The technique is based on thermal
lesion creation by extremely low temperatures. The cryoballoon is positioned at the
ostium of the PV where the balloon is inflated. The refrigerant, liquid nitrous oxide,
is injected into the balloon through dedicated holes. There the refrigerant
undergoes a phase transition from liquid to gas according to Boyle’s law. The phase
transition process consumes energy and therefore the temperature decreases,
known as the Joule-Thomson effect, resulting in cooling at the surface of the
balloon22. The temperature at the balloon surface can decrease down to
approximately −80°C, creating thermal lesions at the site of balloon-to-tissue
contact23. Cellular injury is caused by intra- and extracellular ice formation as well
as microvascular injury24,25. Disappearance of electrical connection between the PV
and the atrium can be observed during the procedure using a spiral mapping
catheter. The catheter is inserted through an inner lumen within the balloon
catheter and positioned in the PV.
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To achieve complete PVI the created lesions should be transmural and continuous.
Adequate cooling energy delivery and complete occlusion are of key importance to
achieve this. After promising results of the first-generation cryoballoon some
technical modifications have been made (Figure 1). In the second-generation
balloon the number of refrigerant injection ports was increased from four to eight,
creating a broader and more homogeneous freezing zone. The third generation was
equipped with a reduced catheter tip length. Due to the shorter tip, the spiral
mapping catheter can be positioned closer to the PV ostium, providing a better
recording of the PV potentials during the cryoapplication. Because of technical
issues, the third-generation cryoballoon was withdrawn from the market shortly
after its release. Recently it has been replaced with an equivalent in which these
technical issues were solved, the fourth generation cryoballoon.
Efficacy cryoballoon PVI
In the early years of the cryoballoon, the main focus was on its efficacy and
whether it could reach outcomes comparable to RF. One year freedom from atrial
tachyarrhythmias for the first-generation cryoballoon and non-contact forcesensing RF catheters were both around 60%. With the advent of the improved
second-generation cryoballoon and contact-sensing RF catheters, one-year
freedom from arrhythmia increased to around 80% for both methods26. Ultimately
randomized controlled trials have shown that cryoballoon PVI is non-inferior to the
classic point-by-point RF PVI in patients with paroxysmal AF21,27,28.
The current guidelines indicate that RF and cryoballoon are the designated
methods to perform PVI29. Recent data even suggest cryoballoon PVI is associated
with a better outcome in clinical endpoints, such as freedom from AF and rate of
major complications, when compared to RF PVI30. In addition to its non-inferiority
to RF in terms of safety and efficacy, the cryoballoon has a steeper learning curve
and leads to fast and reproducible procedures21. Cryoballoon has even been
suggested to be the most advantageous choice in first-time PVI31.
Safety cryoballoon PVI
However, the higher efficacy introduced by the second-generation cryoballoon goes
hand in hand with an increased risk of complications. With more powerful cooling
of the balloon, the energy spreads beyond the heart to critical structures as the
lungs, oesophagus, phrenic and vagal nerves. The distribution of energy in
surrounding tissues can be very extensive. Complications attributed to collateral
damage are oesophageal ulcera and fistula, gastroparesis, phrenic nerve palsy and
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Figure 1 Top panel: first, second, third and fourth generation cryoballoon in which the cooling
area was enlarged (a) and the tip was shortened (b). Bottom panel: cryoballoon situated at
the ostium of the left superior pulmonary vein (1st and 2nd) and the left inferior pulmonary
vein. The increased cooling surface ensures lesion creation around the complete ostium, also
in anatomies in which aligning the balloon coaxially with the PV is challenging (1st vs 2nd).
The shortened tip improves the ability to measure time-to-isolation by bringing the electrodes
on the lasso closer to the muscular sleeve (3rd). (Adapted from figures provided by Medtronic
Inc.)
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pulmonary complications. Compared to the first-generation, the second-generation
cryoballoon is associated with a higher incidence of these complications32–35.
Over the recent years, the research paradigm shifted from efficacy to safety. With
the aim to reduce extracardiac damage without affecting treatment efficacy, the
dosing of cryoenergy became critically important. Historically, 4-minutes
applications with a bonus application after isolation was the standard for the firstgeneration cryoballoon36. The use of single and shorter applications as well as
omitting bonus applications after successful isolation have been explored37–41.
Protocols with shorter ablation times have shown encouraging results37,38,42.
However, this has mainly been demonstrated retrospectively and the optimal
cryoballoon duration and dosing strategy is still matter of debate.
Dosing is an important method to control the safety efficacy balance. Monitoring
of critical structures as well as predicting imminent complications or patients at
risk are additional areas for improvement. They would enable operators to take
precautions in a specific subset of patients according to their particular risk factors
and to prematurely cease applications if monitoring indicates imminent
complications.
This thesis describes the search for an optimization of the balance between safety
and efficacy in (cryoballoon) pulmonary vein isolation. As AF is a non-lifethreatening condition in itself, the treatment should always obey the “primum non
nocere” statement, first do no harm. This thesis focusses on improvement of this
safety aspect.
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Outline of the thesis
The general introduction in Chapter 1 describes the nature of the disease, AF, the
rationale of PVI and the cryoballoon as a method to perform PVI as well as the
current status and challenges considering its safety and efficacy, all to put the
chapters of this thesis into context.
Chapter 2 elaborates on the safety aspect of as well cryoballoon as radiofrequency

PVI and discusses profoundly the complications and the preventive methods
associated.
In Chapter 3 and 4 the acute and long-term results of the 123-study are presented.
In the 123-study the minimal cryoballoon application time necessary to achieve PVI
and the possibility to reduce complication by shortening the application duration
was assessed in a prospective and randomized fashion. These chapters assess the
dosing aspect.
Chapter 5 assesses the incidence of low oesophageal temperatures in clinical

practice during cryoballoon PVI. Possible predictive values for low oesophageal
temperatures are verified in this chapter. This chapter assesses the monitoring as
well as the predicting aspect.
Three-dimensional (3D) computed tomography (CT) overlay is a technique to create
a live 3D image of the left atrium by integrating a previously obtained CT scan
during fluoroscopy. Chapter 6 evaluates the benefits of 3D CT overlay in guiding
cryoballoon PVI.
Chapter 7 describes the prevalence and consequences of incidental findings

detected on CT prior to PVI and transcatheter aortic valve implantation.
In Chapter 8 the main findings of this thesis and their implications on clinical
practice and on future research are discussed.
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Introduction
Electrical isolation of the pulmonary veins (PVs) by ablation has become the
cornerstone in symptomatic AF treatment1. Continuous improvement of ablation
devices made catheter ablation the first-line therapy in selected patients, where
radiofrequency (RF) and cryoballoon PVI are the recommended methods of use.
The main complications of PVI include thrombi and stroke, tamponade and damage
to surrounding tissues2. Overall, the safety profiles of RF and cryoballoon PVI are
comparable although there are some small differences. RF ablation is associated
with a higher vascular complication rate and pericardial effusion or cardiac
tamponade, whereas cryoballoon ablation is associated with higher rates of
(phrenic) nerve injury3.

PV Stenosis
PV stenosis was the major complication of PVI in the early years of AF ablation4. PV
stenosis can lead to dyspnea, chest pain, cough or haemoptysis5. Severe PV stenosis
can progress to complete occlusion with potentially life-threatening symptoms of
pulmonary hypertension or pulmonary venous infarction4,6. However, most cases of
PV stenosis tend to be asymptomatic and symptoms can present aspecific as well.
PV stenosis has become a rare complication after changing the ablation strategy
from ablating foci inside the PVs to a more antral approach, aided by intra-cardiac
echocardiography and 3D mapping systems4,7. Nowadays the incidence of PV
stenosis requiring intervention has been reported as < 1% after RF PVI. However,
the diagnosis of PV stenosis by symptoms is challenging and the actual incidence
rate can be underestimated8. Cryoballoon has even been suggested to have little
to no risk of stenosis, with the FIRE AND ICE trial reporting an incidence of 0% in
both RF and cryoballoon groups2,9.

Thrombi and (silent) stroke
The formation of thrombi and the associated risk of stroke has a reported incidence
of < 1% in RF PVI. There are no significant differences between stroke in RF and
cryoballoon PVI2,10. Despite the low incidence of stroke, consequences have a high
impact on quality of life and morbidity. Therefore it deserves the utmost attention
in clinical practice.
The low incidence of stroke is only present in adherence to a strict and
periprocedural oral anticoagulation strategy. Even brief interruptions of OAC are
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associated with a significant increase in the risk of stroke or systemic embolism11.
The most recent European Society of Cardiology guidelines dictate that heparin
should be given during the procedure in order to achieve an activated clotting time
of >300 seconds. After PVI, procedure anticoagulation should be continued for at
least 8 weeks in all patients12.
The periprocedural use of new oral anticoagulants (NOAC) for AF ablation is a
controversial topic amongst electrophysiologists. The heterogeneity in
periprocedural anticoagulation therapy in different practices among different
countries is also part of the debate13. Several small observational studies and 3
randomized control trials have compared continuous periprocedural use of NOAC
and VKA in PVI10,11,14. The meta-analyses performed on these studies suggest that
continuation of NOACs is a safe, effective, and feasible approach during AF catheter
ablation. In one of the two latest meta-analyses, a reduction in haemorrhagic
complications while continuously using NOAC was found. Although these limited
data are promising, the authors of these meta-analyses also conclude that the
evidence available is of mediocre quality. They emphasize the need for more highquality randomized controlled trials to confirm their findings.
The major concern for electrophysiologists in performing PVI procedures with
continued use of NOACs is a severe bleeding including cardiac tamponade. Results
of a case series of 16 patients on uninterrupted NOACs and post-ablation
tamponade highlights the critical importance of specific reversal agents for NOACs
available during the AF ablation15,16.
The current standard in pre-procedural atrial thrombi detection involves two
imaging tests; Transoesophageal echocardiography (TEE) and Computed
Tomography (CT). Recent literature on this subject focuses on the necessity to use
both modalities. The latest and largest studies suggest that TEE can be eliminated
from routine practice and should only be used in patients with evidence for
possible intra-cardiac thrombi on CT17–19.
Recent evidence suggests that clinical stroke is only a minority of all cerebral
ischemic events. New ischemic lesions were identified on magnetic resonance
imaging (MRI) in post-PVI patients without symptoms of clinical stroke. Due to the
asymptomatic nature of these lesions they are referred to as “silent”. The clinical
relevance of silent cerebral infarctions (SCI) is unclear. Although it is suggested
that these lesions might be viewed as surrogates for clinical stroke risk, no study
has been able to link these lesions to neuropsychological decline20,21. It is certainly
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possible that a decline in cognitive function is multifactorial, related to the disease
of AF itself, and not correlated to focal lesions created by AF ablation only.
Irrigated RF and cryoballoon PVI have similar SCI risks, with reported incidences up
to 20% depending on the definition used20,22. Thus far no periprocedural monitoring
system for SCI exists. A few studies have tried to detect periprocedural microembolic events by continuous transcranial Doppler signal registration. Use of the
conventional RF catheter for PVI was associated with a significantly higher
incidence of cerebral microembolic signals compared to the irrigated RF tip
catheter or the cryoballoon catheter23. However, a relationship between the
occurrence of periprocedural microembolic events with transcranial doppler and
the detection of SCI in MRI after the procedure is not reported yet24,25. The majority
of acute MRI lesions observed after AF ablation showed spontaneous regression
without evidence of chronic glial scar at short term follow-up20.

Tamponade
Tamponade is a serious adverse event which can occur during transseptal puncture
or during the ablation itself when too much energy, pressure, cold or heat, is
delivered at a single spot. The risk of tamponade is significantly higher in RF
compared to cryoballoon PVI (1.3 vs 0.5%), which can be explained by several
factors26,27. Lesions created using RF involve some degree of endothelial disruption
which increases the risk for perforation and thrombogenicity. Although this risk is
small for focal lesions, the risk increases for procedures requiring extensive lesions.
If temperatures >100 °C are reached even coagulum formation on the tip of the RF
catheter can occur, which can ultimately lead to steam pop formation. In contrast,
the destruction of tissue by cryo results in minimal tissue disruption and preserves
basic underlying tissue architecture. As a result these lesions have good tensile
strength and are less thrombogenic28,29.
With the introduction of contact force (CF) sensing catheters in RF PVI, the
catheter-tissue CF can be measured hence minimising the likelihood of applying
too little as well as too much force30. Despite the fact that safety and applicability
of CF catheters are demonstrated, the translation of real-time CF monitoring during
RF ablation into clinical benefit is still controversial31–33. Although prospective
randomised clinical studies with longer follow up are lacking, RF ablation guided
by real-time CF sensing is now the dominant ablation modality, particularly for
catheter ablation of AF. A recent meta-analysis shows not only an improved efficacy
while using CF catheters but also a significantly lower incidence of complications34–
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. Randomized controlled studies are required to assess whether catheter ablation
using an optimized CF improves the long-term clinical outcome.
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The creation of sufficient RF lesions is limited by the possible adverse effects of
rising impedances at the catheter tip. Rising impedances are related to the
development of soft thrombus and steam pop and can be prevented by active
cooling of the electrode-tissue interface37. With active cooling, higher quantities of
RF power can be delivered for a longer period of time, which results in larger lesions
with greater depth37. The improvement of the efficacy of RF PVI procedures by
developing irrigated ablation catheters, therefore, was secondary to the
improvement of the safety.
In 2009 the first open irrigated catheter was approved for ablation. It had 6
irrigation holes and was recently improved with 56 irrigation holes (Thermocool
Surround Flow, Biosense Webster, Diamond Bar, CA, USA) (SF catheter). This
catheter provides more uniform cooling over the entire tip rather than localized
cooling at the distal tip. Delivery of high RF power, even in areas of very low blood
flow, is now possible and irrigation flow rate is reduced38. However, the initial
enthusiasm about this catheter diminished after a recently published
observational prospective study. This study shows an increase in unpredictable
incidence of steam pop formation using the SF catheter despite different power
and irrigation settings39. Due to the superficial, endocardial, tissue cooling the
highest tissue temperature using the SF catheter is achieved in the sub-endocardial
layers. This can result in temperature disparities between the catheter tip and the
tissue during RF delivery. It has been shown that the electrode temperature and
impedance, both used to monitor tissue feedback in response to ablation in
conventional ablation, are not predictive for the occurrence of steam pops in SF
catheters.
Simultaneous CF measurement has been suggested to overcome this limitation of
SF catheters by adjusting the energy according to the CF applied to the tissue. A
novel RF ablation catheter incorporating both technologies, CF sensing as well as
porous tip irrigation (Thermocool SmartTouch SurroundFlow, Biosense Webster,
Diamond Bar, CA, USA), has been released recently. It showed promising results in
safety and efficacy and requires further clinical evaluation40–42.
To prevent tamponade during transseptal puncture the use of echocardiographic
guidance allows the direct visualization of the needle in the fossa ovalis. Besides
a safe puncture it is possible to visualise the optimal puncture site for ablation,
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which can make a significant difference in catheter manoeuvrability and mapping
options43.
A possible side effect of conventional TEE is the occurrence of an oesophageal
hematoma (incidence 0.27%). However with careful introduction and immediate
removal of the probe after transseptal puncture this complication can be prevented.
Alternatives to the conventional TEE for imaging during transseptal puncture are
now available in the Intra Cardiac Echocardiography (ICE) method and the more
recently developed micro and mini-TEE probes. These alternatives aim to overcome
oesophageal hematoma as a complication44.
With the traditional rigid angulated Brockenbrough needle, mechanical pressure is
needed to perform the transseptal puncture. This is a challenge, especially in the
presence of a thickened fibrotic or aneurysmatic septum together with the related
risk of overshooting in normal-sized or moderately dilated left atria. To overcome
this challenge, flexible RF powered needles are developed. They have shown
improvement in the safety and efficacy of transseptal punctures in daily
practice45,46.
To facilitate safe and accurate navigation of the instruments during PVI itself,
several techniques of image integration are available. With the use of 3D overlay,
a live 3D image is created during the procedure by integrating fluoroscopy with a
novel rotational angiographic 3D image or a previously made CT or MRI image of
the left atrium. These techniques demonstrate their advantage in more
straightforward manoeuvring and placing of the balloon or catheters47. For
cryoballoon PVI it can facilitate optimal positioning of the balloon, and therefore
a significant reduction in the contrast and radiation dose and possibly the
necessity for extra applications48. Furthermore, CT or MRI imaging pre-PVI can
contribute to a better understanding of the anatomy of the PVs, so the operators
can select the appropriate ablation technique and achieve maximum efficacy of
PVI49.
Also non-fluoroscopic 3D navigation methods are developed, where the position of
catheters is determined by magnetic or impedance tracking and displayed on a perprocedural acquired 3D swap of the left atrium or a pre-procedural CT or MRI image
(Carto system (Biosense-Webster), EnSite NavX system (Abbott), Rhythmia system
(Boston Scientific). These methods show a high level of accuracy in location of the
catheters and avoid the use of fluoroscopy during the procedure50–52. One of the
main advantages of the 3D system is to mark catheter positions on the endocardial
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surface to which the operator can return after exploring other points which is not
possible using fluoroscopy53.
Merging cardiac CT or MRI data with electroanatomic mapping of the left atrium is
now common practice. However, none of these modalities offers real-time imaging
at the time of the procedure and, due to the time between the scan and the actual
ablation procedure, there can be potential changes in the shape and position of
the left atrium. Recently several protocols for accurate integration of real-time 2D
ICE and a CT reconstruction using a 3D mapping system are tested and validated.
The results are promising, but further studies must show if it can reduce radiation
exposure and improve procedural safety54.

Damage to surrounding tissues
When cryo- or RF energy is delivered to the atrial wall and the PVs, the surrounding
tissue is affected as well. The energy spreads beyond the heart to critical structures
as the lungs, oesophagus, phrenic and vagal nerves. The distribution of energy in
surrounding tissues can be very extensive. Complications attributed to collateral
damage are oesophageal ulcera and fistula, gastroparesis, phrenic nerve palsy and
pulmonary complications.
Bronchial effects
Bronchial damage is reported as a possible, albeit infrequent, complication of
cryoballoon PVI. Bronchial complications for cryoballoon ablation include persistent
cough (incidence reported up to 17%), haemoptysis and even fatal atrio-bronchial
fistula55,56. Bronchial complications in RF PVI and PV stenosis have significantly
been reduced by the earlier mentioned more antral ablation technique and the use
of 3D mapping systems.
There is some debate about the mechanism of pulmonary complications after
cryoballoon PVI. Thermal injury, like the formation of ice in the bronchus, shown in
bronchoscopy recordings during or after cryoballoon PVI, is repeatedly reported in
literature56,57. The possible formation of ice outlines the power of the technique,
and therefore the risk for complications in surrounding tissues. A recent
prospective study showed a high incidence of unintentional cryoablation of the left
main bronchus with even endobronchial bleeding in bronchial endoscopy
recordings. Despite this high incidence, none of the patients developed
haemoptysis or cough, so the long-term clinical consequences still need to be
investigated56.
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A number of safety measures to prevent bronchial effects of cryoballoon PVI are
suggested in literature and (partially) adapted in common clinical practice.
Prevention is realized by means of minimizing excessive force during occlusion of
the PV. For instance by the use of different techniques such as the pull-down
manoeuvre, to avoid applications deep in the PV, and temperature monitoring56,58.
Since there is no relation between low balloon temperatures and bronchial
damage, intraluminal endobronchial temperature monitoring has been suggested
instead of balloon temperature monitoring56.
Another easily applicable safety measurement to prevent collateral damage is
changing the dosing protocol, for instance in cryoballoon PVI by shortening the
application duration. Historically a two times four minutes approach is adopted.
Recent studies show that shorter application durations do not compromise the
efficacy of the procedure while the exposure to surrounding tissue is limited.
However, the optimal freezing duration has not been determined yet59,60.
Oesophageal related complications
The most devastating complication affecting the surrounding tissue of the heart is
an atrio-oesophageal fistula (AEF). The estimated incidence is 1 in 500-1000 for RF
PVI and 1 in 10 000 for cryoballoon PVI, but it is associated with >50% mortality61.
Although the exact mechanism is unclear, direct cooling or heating of surrounding
tissue plays a major role in the formation of AEF. Other mechanisms include injury
of the oesophageal vasculature with late oesophageal necrosis or ischemic
oesophageal injury62.
The occurrence of AEF is a late complication. The most common time of
presentation is 2 to 4 weeks post-procedure, but it can occur up to 2 months postablation. For this reason it can be underreported in studies. Most of the patients
present with delayed post-ablation fever or sepsis with or without neurological or
gastrointestinal symptoms. The various clinical presentations of this complication
may lead to a delay in diagnosis. Mortality in these patients is extremely high when
treated conservatively and can be significantly decreased with surgical repair. Even
with surgical therapy one-third of the fistula’s are lethal61,63.
The vagal nerve is situated closely to the heart and spreads out on the oesophagus
in a web-like structure. It innervates the stomach, to provide gastric motility, and
controls the pyloric sphincter. Injury to the vagal nerve due to PVI may cause
gastroparesis, a complication characterized by delayed gastric emptying in absence
of mechanical obstruction of the stomach. Symptoms include nausea, vomiting,
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bloating, abdominal pain and gastric discomfort64. Although not mentioned very
often, gastroparesis is a relatively common complication after ablation because of
collateral nerve damage65. The incidence is probably higher than direct oesophageal
injury66. A recent meta-analysis shows no significant difference in the incidence of
symptoms associated with gastroparesis after RF or cryoballoon PVIs (3.2 vs 2.1%)67.
However, not all patients with proven gastroparesis developed symptoms, possibly
because of a quick recovery68. Patients do not always relate their gastric problems
to the cardiac procedure which is one of the reasons for possible underreporting
of this complication.
With the first-generation cryoballoon, thermal oesophageal lesions as well as
associated AEFs and gastroparesis due to vagal nerve injury, were rarely reported.
However, after the introduction of the second-generation cryoballoon, the
incidence of thermal oesophageal lesions and the number of gastropareses
increased69. Studies in which systematic postprocedural oesophagoscopy was
performed, reported an increased incidence of oesophageal ulcerations with the
use of the second-generation cryoballoon (13.4%) compared to the first-generation
cryoballoon70,71. Recent studies also showed an incidence of up to 48% of
asymptomatic endoscopically detected oesophageal lesions after RF PVI72.
A fivefold higher chance for AEFs was reported with the use of CF catheters,
compared to non-CF catheters73. With CF catheters, operators are also enabled to
ablate for a longer period of time and using greater force. Studies showed a forcetime integral, a measure introduced to reflect the force applied over a certain time,
of 400 gs per lesion as a target value to prevent reconduction. Considering the
variation in wall thickness in the left atrium, this value may be too high for the
thinner posterior atrial wall33. The absence of strong data to guide ablation on the
posterior wall is a significant obstacle to optimize efficacy and safety of ablation
for atrial fibrillation.
Oesophageal temperature (OT) monitoring has been introduced as a safety
measure to prevent collateral damage to the oesophagus and the vagal nerve.
Several thermoprobes have been developed to monitor the OT. Starting from single,
non-insulated, non-steerable sensors to multi-sensor, insulated probes that cover
a large area of the oesophageal wall. The first thermoprobes were manually
repositioned into a position close to the point of ablation. These probes were
heavily debated because of possible excess OT due to ohmic heating during RF PVI
and the possible underestimation of the ET. This possible under-estimation of the
OT was believed to be caused by the position of the probe. It could be positioned
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Figure 1 Position of the thermoprobe (s-shaped) in the oesophagus with cryoballoon
positioned at the antrum of the left superior pulmonary vein with the lasso catheter inside
this pulmonary vein and contrast dye being injected in the pulmonary vein (right upper
quadrant). The stimulation catheter is positioned in the coronary sinus.
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contralateral to the side where the energy is applied or could be floating free in
the oesophagus74,75. With the introduction of the most recent thermoprobe (Circa SCath™, CIRCA Scientific, CO, USA), some of these disadvantages seem to be
eliminated76. Insulation prevents the probe from possible ohmic heating and it
contains 12 electrically insulated temperature sensors. Due to the S-shape of the
probe it covers the whole length of the oesophagus in relation to the PVs which
prevents the need to reposition the probe during the procedure (Figure 1).
This OT guiding significantly reduces the incidence of thermal oesophageal lesions
in cryoballoon PVI. An OT ≤12°C in cryoballoon PVI can predict the formation of
gastro-oesophageal lesions with a sensitivity of 100% and specificity of 92%71. Since
the OT decreases even after interruption of the cryoapplication, an interruption
temperature higher than 12°C is advised77. Interruption of cryoapplication at OTs of
at least 15°C or even higher is advised78. These cut-off values have been established
with the use of a thermoprobe with 3 thermocouples, although it is assumed that
these values can be extrapolated to the most recent Circa probe. In RF PVI
procedures where OT is measured, a reduction of the incidence of vagal nerve
complications and oesophageal injury has been reported79,80. Using RF a cut-off
value of 39°C is suggested to prevent collateral damage, however the optimal cutoff value still needs confirmation79.
In our centre, routine OT monitoring is performed in every PVI procedure, both for
RF and cryoballoon PVI. At first a thermoprobe was used with 3 thermocouples
separated by 10mm (SensiTherm™, St Jude Medical Inc. MN, USA). It was adjusted
the position of the temperature probe to the fluoroscopic position of the balloon.
Since February 2015 we have been using the Circa probe. When OT falls below 16°C
in cryoballoon and reaches >39°C in RF, the application is stopped prematurely. A
subsequent application is not performed until OT reaches >30°C in cryoballoon and
<38°C in RF to avoid a stacking effect.
In our registration of 204 patients in whom cryoballoon therapy has been performed
with a thermoprobe in situ, we found a high incidence of low OT, temperatures
below 20°C in 26% and below 16°C in 13% of the patients (Figure 2). Low OTs were
only found in the left and right inferior PVs. No clinically significant correlation
between minimum balloon temperature and lowest OT was found which is in
accordance with earlier reports (Figure 3)71,78,81. Therefore the use of balloon
temperature alone as a surrogate for OT is not reliable.
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Figure 2 Occurrence (in % of procedures) of lowest oesophagus temperature (°C)

Figure 3 Relation between lowest oesophagus temperature and lowest balloon temperature
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Other suggestions of preventative measures for AEF are oesophageal cooling,
posterior displacement of the oesophagus with the TEE probe, and the use of
prophylactic proton pump inhibitor82–84. However, the effectiveness of these
oesophageal protection strategies has not been proven and the occurrence of AEF
in cases despite preventive strategies demonstrate that AEF prevention is not
guaranteed61. Therefore clinical alertness in the post-operative period will remain
an important strategy in the early diagnose of AEFs. A recent study documented
that an initial thermal oesophageal lesion is a starting point of a cascade leading
to AEF. This demonstrated that 1 out of 10 post-ablation oesophageal ulcers will
progress to perforations, therefore post-ablation endoscopy can identify patients
at high risk for oesophageal perforation85. Further and technical improvements are
necessary to define preventive measures to minimize oesophageal injury.
Phrenic nerve palsy
Another critical structure positioned close to the heart is the phrenic nerve.
Originating from the third to fifth cervical nerves it is situated outside the
pericardium anterior of the pulmonary veins and provides the only motor output to
the diaphragm. Diaphragmal excursion during spontaneous breathing depends on
this nerve. Its close proximity to the right superior PV renders it vulnerable during
ablation of this PV86.
The incidence of reported phrenic nerve palsy varies widely but is undoubtedly
more common in cryoballoon PVI than in RF PVI. A recent meta-analysis showed a
6.6% vs 0.1% incidence of phrenic nerve palsy for cryoballoon vs RF PVI. Almost all
cases of phrenic nerve palsy resolved during follow-up27. Persistent phrenic nerve
palsy has recently been reported in a meta-analysis which shows a 1.7% vs 0.01%
incidence for cryoballoon vs RF PVI26.
Several strategies to avoid phrenic nerve palsy have been described. Continuous
phrenic nerve stimulation combined with manual diaphragmal contraction
surveillance is the most commonly used method in clinical practice. Since the close
proximity of the phrenic nerve to the superior vena cava at the anterolateral
junction, the phrenic nerve can be stimulated by capturing it from the superior vena
cava for cryoballoon PVI87. As an alternative the phrenic nerve can also be paced
from the right subclavian vein, resulting in lower capture thresholds and possibly
less catheter instability in clinical practice. As an anatomical variation, the left
phrenic nerve can run down the left superior PV, this is discovered by pacing all
the electrode pairs of the lasso catheter in this PV. If this anatomical variation is
found, the phrenic nerve can be paced from the left subclavian vein88,89. For RF PVI,
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the phrenic nerve can be stimulated from the lasso or the ablation catheter itself
when ablation is performed at a region in which the proximity of the phrenic nerve
is expected.
If the operator observes a decrease or disappearance of diaphragmatic contractions
the application is ceased immediately, irrespective of which PVI method used. In
cryoballoon PVI direct deflation of the balloon is achieved using the double-stop
technique, resulting in immediate cessation of refrigerant flow and deflation of
the balloon where merely a single stop stops the refrigerant flow90. With the use
of this manual diaphragm motion surveillance technique, the phrenic nerve is
usually affected for a short period and function returns to normal within minutes
to hours. However, while using this technique still a substantial number of patients
cannot be protected from long-lasting phrenic nerve palsy.
A small number of studies have reported the use of another rather simple
additional technique to monitor phrenic nerve function. In this technique the
function of the phrenic nerve is measured by compound motor action potentials
(CMAPs) obtained from two regular surface ECG electrodes. The basic principle of
measuring CMAPs to prevent phrenic nerve palsy was first described in dogs and
was followed by human evaluation91,92. Since a decrease in CMAP precedes the
reduction in diaphragmic motion, it enables the operator to stop the application in
an early phase. By using this technique a marked reduction in acute and persistent
hemi-diaphragmatic paralysis and less severe histological damage to the phrenic
nerve using CMAP has been shown93.
Figure 5 demonstrates the technique: two surface electrodes are positioned 5 cm
above the xiphoid process and 16 cm along the right costal margin for monitoring
the right diaphragmatic CMAPs. CMAP amplitudes are measured from peak to peak
which is combined with manual diaphragm motion surveillance during the
procedure. Clinical studies with 50-200 patients show a significant decrease in
phrenic nerve palsy when manual surveillance only is compared to manual
surveillance combined with CMAP94. In all patients with a reduction in
diaphragmatic motion a significant decrease in CMAP was seen95,96.
The exact methodology of performing CMAP differs slightly between the
aforementioned clinical studies. A variety of pacing outputs ranging from 5-20mA
and 1-2.9ms are used and show that the use of lower pacing outputs results in
earlier detection of phrenic nerve palsy97. Furthermore, the cut-off value of CMAP
decline which is used as a predictor for phrenic nerve palsy varies slightly from 30-
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Figure 4 Position of surface electrodes (Reprinted from Franceschi et al.94 with permission of
the publisher)

Figure 5 CMAP measurements of the second patient with a) Baseline CMAP b) Application
stopped at 35% decrease of CMAP c) Complete absence of a CMAP amplitude 15 seconds after
discontinuation, along with the absence of diaphragmatic contraction d) Incomplete recovery
of CMAP
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35%. The method and extent of anaesthesia differed between the different studies
as well as the used procedure for acute abortion of freezing (double stop vs single
stop). Measuring the CMAPs can be an additional safety measure and is described
as a reliable, cheap, easy and sensitive method for predicting phrenic nerve palsy
without compromising the procedural effectiveness96.
Figure 5 shows an example of the usefulness of CMAP during cryoballoon isolation
of the right superior PV in our centre. PVI was performed under general anaesthesia
using the second-generation (Arctic Front AdvanceTM Medtronic Inc., MN, USA)
cryoballoon. No paralytic agents that inhibiting phrenic nerve capture had been
administered. During cryoablation of the right PVs, the phrenic nerve was
continuously stimulated by pacing on the quadripolar catheter positioned in the
superior vena cava. The pacing site was carefully selected, guided by a stable
pacing capture. The pacing threshold was tested and pacing was performed at twice
the threshold value for a duration of 2ms using a cycle length of 1500ms.
During cryoballoon application in the right superior PV, a decrease in CMAP of 35%
was noticed 114 seconds after the start of the ablation. At that moment the
application was stopped using the double stop technique, no change in diaphragm
excursion was noticed. However, the CMAP amplitude continued to decrease after
discontinuation of the ablation resulting in complete absence of a CMAP amplitude
15 seconds after discontinuation, along with the absence of diaphragmatic
contraction. The CMAP did recover at the end of the procedure, albeit not
completely.

Conclusion
Both RF and cryoballoon PVI are effective methods to achieve PVI. All efforts should
be made to increase the safety of the procedure for the patient. A broad range of
safety measures is available. Both CMAP and measurement of OT can enhance the
safety profile of the procedure. Limiting the amount of RF- and cryoenergy while
maintaining efficacy is an ongoing subject of investigation60.
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Abstract
Background The second-generation cryoballoon significantly improves outcome of

pulmonary vein isolation (PVI) but may cause more complications than the firstgeneration. Currently, no consensus regarding optimal cryoballoon application time
exists. The 123-study aimed to assess the minimal cryoballoon application duration
necessary to achieve PVI (primary endpoint) and the effect of application duration
on prevention of phrenic nerve injury (PNI).
Methods Patients <75 years of age with paroxysmal atrial fibrillation, normal PV

anatomy, and left atrial size <40 cc/m² or <50 mm were randomized to two
applications of different duration: “short,” “medium,” or “long.” A total of 222
patients were enrolled, 74 per group.
Results Duration per application was 105 (101-108), 164 (160-168), and 224 (219-226) s

and isolation was achieved in 79, 89, and 90% (P < 0.001) of the PVs after two
applications in groups short, medium, and long, respectively. Only for the left PVs,
the success rate of the short group was significantly less compared to the mediumand long-duration groups (P < 0.001). PNI during the procedure occurred in 19 PVs
(6.5%) in the medium and in 20 PVs (6.8%) in the long duration groups compared to
only five PVs (1.7%) in the short duration group (P < 0.001).
Conclusions Short cryoballoon ablation application times, less than 2 min, did

affect the success for the left PVs but not for the right PVs and resulted in less PNI.
A PV tailored approach with shorter application times for the right PVs might be
advocated.
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Background
Since the observation of pulmonary vein (PV) ectopy as the origin for atrial
fibrillation (AF), pulmonary vein isolation (PVI) has become the cornerstone for
nonpharmaceutical AF treatment. Continuous improvement of ablation devices
made catheter ablation the first-line therapy in selected patients, where
radiofrequency (RF) and cryoballoon PVI are the recommended methods of the use1.
Cryoballoon ablation has shown to be safe and efficacy rates are non-inferior to RF
ablation2. The re-engineered second-generation cryoballoon (Arctic Front Advance,
Medtronic Inc., Minneapolis, MN, USA) resulted in more homogeneous cooling,
which improved the procedure efficacy3,4. However, this higher efficacy goes handin-hand with an increased risk of complications. In particular, when compared to
the first-generation, the second-generation cryoballoon is associated with a higher
incidence of right phrenic nerve injury (PNI), which remains a considerable
drawback of this technique4–7.
Historically, 4-min applications with a bonus application after isolation have been
the standard for the first-generation cryoballoon. With the aim to reduce
complications without affecting treatment efficacy, the dosing of cryoenergy
becomes of critical importance for the second-generation cryoballoon. So far
protocols with shorter ablation times have shown encouraging results8–10. However,
this has been only demonstrated in retrospect and at this moment, uniform
consensus regarding the optimal cryoballoon application time is lacking.
The main objective of the present study was to prospectively assess, in a
randomized fashion, the minimal cryoballoon application time necessary to achieve
PVI and the effect of minimizing application duration on preventing PNI.

Methods
Study design
This clinical trial was designed as a patient-blinded, randomized, dual centre
(Medisch Spectrum Twente [MST], Enschede and Maastricht University Medical
Centre+ [MUMC], Maastricht, the Netherlands) study. The study was approved by
both local institutional ethical committees on human research and was registered
in the clinicaltrial.gov database (no. NCT02074566).
Study population
Patients fulfilling the following inclusion criteria were enrolled in the study:
paroxysmal AF eligible for PVI according to the ESC guidelines and an age <75
56

years1,11. Patients were excluded if they had undergone a prior PVI; if the life
expectancy was <12 months; if there was pregnancy at the time of the procedure,
contrast allergy, creatinine clearance <60/mL/min/1.73 m2, left ventricular ejection
fraction (LVEF) <40%, left atrial (LA) volume >40 cc/m2, or LA diameter >50 mm, or
aberrant PV anatomy.
Randomization
After written informed consent, patients were randomized to “short,” “medium,” or
“long” application duration protocols in a 1:1:1 fashion. Patients received two
applications of 1 (short), 2 (medium), or 3 (long) min after reaching maximal N2O
cooling flow; hence, this study was called “the 123-study.” Maximal N2O flow is
achieved at 72 Standard Cubic Centimeters Minute (SCCM) for the 28-mm balloon
and 56 SCCM for the 23-mm balloon and the time to reach maximal flow may differ
per application. The study flow chart is illustrated in Figure 1.
PVI procedure
The procedures were performed under conscious sedation at the MUMC site and
under general anaesthesia, with continuous blood pressure monitoring, at the MST
site. Heparin was administered to achieve an activated clotting time of >300 s
during the procedure. Pacing on the Achieve (Medtronic Inc.) mapping catheter in
the left superior PV prior to cryotherapy was performed to exclude left-sided
phrenic capture. During cryoablation of the right-sided PVs, the right phrenic nerve
was continuously stimulated by pacing from the superior caval vein or the right
subclavian vein. When diminished diaphragm excursion was noted during
cryotherapy, the application was stopped immediately using the double stop
technique12. If a premature termination caused by diminished diaphragm excursion
had to be performed, this was qualified as “PNI.” At the end of a procedure in which
PNI occurred, recovery of phrenic nerve function was tested by the stimulation.
Applications were performed using a double-walled cryoballoon (Arctic Front
Advance [n = 208] or Arctic Front Advanced ST [n = 14], Medtronic Inc.). The preference
was to use the 28-mm balloon. If the PV diameter was too small to occlude, we
used the 23-mm balloon. Quality of PV occlusion was visualized by contrast
administration during fluoroscopy and scored on a semiquantitative scale with
grades 1 (very poor) to 4 (excellent), as described previously13. An occlusion of 4 was
aimed for in every application. The operators were not blinded for the application
duration. The second application started at least 1 min after deflation of the
cryoballoon of the first application. The Achieve mapping catheter was inserted
through the inner lumen of the balloon to assess PV signals before, during, and
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Figure 1 123-Study flowchart. PV: Pulmonary Vein, PVI: Pulmonary Vein Isolation *Time starts
after maximal N2O flow is reached
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after every application and to guide the positioning of the balloon. The initial
application sequence was left superior PV (LSPV), left inferior PV (LIPV), right
superior PV (RSPV), and right inferior PV (RIPV) for the first 11 patients. The sequence
was adjusted to LSPV, LIPV, RIPV, and RSPV after the occurrence of PNI in the RSPV
in two patients, whereafter the RIPV could not be safely isolated anymore because
the phrenic nerve could not be stimulated. Time to isolation (TTI), if visible, was
measured for the last 170 patients.
Primary successful isolation was defined as an isolation of that particular PV,
proven by an entrance and exit block, after two applications. Primary unsuccessful
isolation was defined if there was no PV isolation after two applications. In PVs
with primary unsuccessful isolation, supplementary applications were applied to
ensure complete isolation for all the PVs. The number and duration of these
supplementary application(s) was determined by the operating physician. In PVs,
extremely challenging to isolate the Achieve catheter was placed in other PV
branches of the same PV or the pull-down manoeuvre was used14.
Statistical analysis
The study was designed to assess three noninferiority hypotheses comparing the
different groups (short, medium, long) independent of each other. Prior to the
study, a noninferiority margin of 10% was determined and a power calculation that
assumes success was performed. Based on this calculation, a total of 222 patients
(3 × 74) were enrolled. Data analysis were performed using SPSS (version 22; IBM
Corp., Armonk, NY, USA).
Continuous variables are summarized by mean ± standard deviation for normally
distributed variables or median with interquartile ranges for non-normally
distributed variables. Categorical variables are expressed as numbers and
percentages. Statistical differences for continuous normally distributed variables
were analyzed using ANOVA for three groups. In case the analysis of variance
(ANOVA) showed significant differences, post-hoc tests according to the method of
Tukey's Honestly Significant Differences were performed. For non-normally
distributed variables, the Kruskal–Wallis test was used to test for differences
between the three groups with post-hoc Mann-Whitney U tests using BonferroniHolm correction. Statistical differences between the groups for categorical
variables were analyzed using Chi-square or Fisher exact tests, as appropriate. In
case significant differences between categorical variables were observed, post-hoc
tests according to Bonferroni-Holm were performed. Also, 95% confidence intervals
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(CIs) to assess noninferiority for the success percentages were calculated using Epi
Info.
All procedural characteristics are reported per patient, while success is mentioned
per PV. Complication rates are reported per patient, as well as per PV. Balloon
temperature, occlusion grade, thaw time, and application duration are reported per
application.

Results
Patient characteristics
Between July 2014 and August 2017, a total of 222 patients, 74 patients in each
group, were enrolled. As shown in Table 1, there were no significant differences
between the baseline patient characteristics for the three groups.
Procedural characteristics
Table 2 shows the procedural characteristics for the three groups. As the
consequence of the study design, the mean application duration was significantly
different for the three groups. The time to reach maximal N2O cooling flow was 44
[40-48] s and did not differ between the groups (P = 0.21, known for all but 167
applications). The procedure time was significantly shorter in the short group when
compared to the long group.
PVI success
Eight out of 888 PVs were not targeted for PVI with the cryoballoon. Applications
could not be delivered due to technical malfunction of the cryo console (n = 2), the
occurrence of PNI after ablation of the ipsilateral PV (n = 2), PV anatomy in which
it appeared to be possible to occlude the ostium of the LSPV and LIPV
simultaneously (n = 3), and impossibility to occlude the PV using the cryoballoon
(n = 1).
The remaining 880 out of 888 PVs were targeted for PVI with the cryoballoon. The
number of primary successful isolated PVs was significantly lower in the short
group (79% [CI, 74-83%]) when compared to the medium group (89% [CI, 85-92%])
and the long group (90% [CI: 86-93%]) (Figure 2), but did not exceed the predefined
margin of 10% regarding the noninferiority analysis. A subanalysis, comparing the
successes for the groups for the four different PVs, showed that the significant
difference between the groups was only present for the left PVs and there was no
significant difference in success between the groups for the right PVs (Figure 3).
The success after a single application differed significantly between the short (62%)
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Table 1 Baseline patient characteristics
Medium
group
(n=74)

Long
group
(n=74)

P-value

(n=222)

Short
group
(n=74)

Age (years)

58 ± 9

58 ± 10

59 ± 9

57 ± 9

0.40

Gender (male,%)

143 (64)

46 (62)

47 (64)

50 (68)

0.78

CHA2DS2VASC score

1.2 ± 1.1

1.3 ± 1.2

1.2 ± 1.2

1.0 ± 1.0

0.34

Hypertension (%)

73 (33)

26 (35)

21 (28)

26 (35)

0.60

Diabetes mellitus 2 (%)

7 (3)

3 (4)

1 (1)

3 (4)

0.70

Prior revascularisation (%)*

7 (3)

3 (4)

3 (4)

3 (4)

1.00

EHRA class

2.4 ± 0.5

2.4 ± 0.5

2.4 ± 0.5

2.4 ± 0.6

0.90

Body mass index (kg/m )

27 ± 3

27 ± 3

27 ± 3

26 ± 3

0.48

Left atrial volume (cc/m )

30 ± 8

29 ± 8

29 ± 10

30 ± 8

0.72

Total

2

2 +

Data are expressed as mean ± SD or n (%), unless otherwise indicated.
*Revascularisation by percutaneous coronary intervention and/or coronary artery bypass grafting.
+
Left atrial volume in cc/m2 was not available in 16 patients due to a limited echocardiographic window or
missing echocardiography recordings. In these patients left atrial volume in mm was available (37 ± 6 mm)

Table 2 Procedural characteristics
Medium
group
(n=74)

Long
group
(n=74)

P-value

(n=222)

Short
group
(n=74)

Duration per application (s)
(median [IQR])
Lowest balloon temperature
per application (०C)

163 [107-219]

105 [101-108]

164 [160-168]

224 [219-226]

<0.0011

-47 ± 8

-45 ± 8

-47 ± 8

-48 ± 7

<0.0012

Thaw time
per application (s)
Balloon
23mm (%)
28mm (%)
23+28mm (%)
Procedure time (hh:mm)
Contrast (mL)
Radiation time (hh:mm)
Radiation Dose Area Product
(mGy cm2) (median [IQR])

9±5

8±4

9±5

9±5

<0.0013

5 (2.3)
212 (96)
5 (2.3)
1:28 ± 0:24
67 ± 38
0:22 ± 0:10
14.8 [8.5-22.4]

1 (1.4)
70 (95)
3 (4.1)
1:22 ± 0:23
69 ± 36
0:22 ± 0:10
13.9 [7.3-19.7]

2 (2.7)
70 (95)
2 (2.7)
1:29 ± 0:27
70 ± 44
0:23 ± 0:11
13.7 [9.1-22.5]

2 (2.7)
72 (97)
0 (0)
1:32 ± 0:20
63 ± 32
0:22 ± 0:10
15.2 [9.8-23.9]

0.52

Total

0.044
0.49
0.65
0.26

Data are expressed in mean ± SD or n(%) unless stated otherwise.
1
Significant between all groups.
2
Significant between short & medium and short & long group
3
Significant between short & medium and short & long group. Known for all but 300 applications.
4
Significant between short and long group
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Figure 2 Percentage of successfully isolated pulmonary veins after 1 and 2 application(s)

Figure 3 Percentage of successfully isolated pulmonary veins after 2 applications per PV. LIPV
= left inferior PV; LSPV = left superior PV; PV = pulmonary vein; RIPV = right inferior PV; RSPV =
right superior PV.
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and medium (75%) groups and between the short and long (78%) groups. An
occlusion grade of 4/4 was achieved in 77% of all applications. Occlusion grades of
3, 2, and 1/4 were achieved in 15, 8%, and <1%, respectively, of all applications and
occlusion grades did not differ significantly between the three groups (P = 0.71). The
RIPV and LSPV were the most difficult PVs to isolate.
The number of supplementary cryoballoon applications per PV, needed to achieve
complete PVI when isolation was primary unsuccessful, were 1.6 ± 1.1 for group 1,
1.6 ± 1.3 for group 2, and 1.8 ± 2.1 for group 3 and did not differ between the groups
(P = 0.87).
In six of 880 PVs (six patients) complete isolation could not be achieved with the
cryoballoon due to the occurrence of PNI (n = 3) or due to a PV anatomy, which only
allowed poor occlusion (n = 3). In two patients with a PV anatomy, which only
allowed poor occlusion, isolation was ultimately achieved using point-by-point cryo
or RF ablation. Therefore, eventually in all but four patients a successful PVI was
performed.
PNI
In 39 of 222 patients (18%), PNI occurred (44/880 PVs [5%]). PNI occurred significantly
more in the medium group (n = 19 PVs [6.5%]) and in the long group (n = 20 PVs
[6.8%]) when compared to the short group (n = 5 PVs [1.7%] P = 0.006) (Figure 4). PNI
did also differ significantly between the four PVs (P < 0.001) and only occurred in
the RIPV (n = 10 [1.1%]) and RSPV (n = 34 [3.9%]). There was no significant difference
in minimal balloon temperature in the right PV applications in which PNI occurred
when compared to the right PV applications in which PNI did not occur (P = 0.71). In
27 of 39 (69%) patients with PNI, phrenic nerve function had recovered completely
at the end of the procedure.
Other complications
Three patients (one patient in every group) had vascular complications, all treated
conservatively. One patient (medium group) experienced a minor transient ischemic
attack. In one patient (medium group), ventricular fibrillation occurred during
cryotherapy delivery in the RIPV with ST-segment elevation. A coronary angiogram
showed no coronary artery occlusion, the ST-segment elevation resolved
spontaneously, and the patient was discharged without sequela. No other major
procedural complications occurred.
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Figure 4 Percentage of pulmonary veins in which applications were prematurely terminated
because of phrenic nerve injury (PNI)
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Time to isolation
In 670 applications in which isolation was achieved, an attempt to measure TTI was
made. The TTI could be assessed in 316 of 670 (47%). Mean TTI was shorter in PVs
with persisting isolation at the end of the procedure compared to PVs showing
early reconduction during the procedure (48 ± 30 s vs 62 ± 38 s; P = 0.006). Mean
balloon temperature at the time of isolation was 35 ± 9°C and did not differ
between these two groups (P = 0.31).

Discussion
The 123-study was designed to assess the minimal cryoballoon application duration
for PVI while improving the safety. Patients were randomized to three different
groups comparing standard to reduced application durations. The ultimate goal
was to find an optimal freezing duration preserving the efficacy and improving the
safety by avoiding PNI.
This prospective randomized study shows that (1) there is no difference in isolation
rate between two applications of medium or long duration but two applications of
short duration results in significantly less isolation, albeit that there is no proven
superiority. (2) The significant differences in isolation rate between the three
groups exist only for the left but not for the right PVs. (3) PNI occurred significantly
more in the groups with medium and long freeze durations.
Historically, 4-minute applications with a bonus application after isolation were
the standard for the first-generation cryoballoon15. With the advent of the secondgeneration cryoballoon, efficacy increased but it caused a decrease in safety,
especially for right PNI3,4. As a result, the paradigm shifted from efficacy to safety
and, in recent years, the use of single applications and applications without bonus
applications after successful isolation has been explored8,16–19. The omission of
bonus applications did not compromise the efficacy of PVI and, depending on the
PV, the mean number of applications needed for isolation was found to be between
1 and 28,17,19,20. Also, shorter application durations have been suggested and adopted,
shortening the standard application duration in many centres to 180 s8,16 , recently
followed by studies that include TTI of a PV, if recordable during ablation10,21–
23
. However, despite the encouraging results in terms of efficacy no previous study
was performed prospectively in a randomized fashion comparing the standard to
new dosing protocols.
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Efficacy
To eliminate the difference in effective ablation time within the three groups, due
to differences in time needed to reach maximal N2O freezing flow, application
durations for the three groups were defined as 1, 2, and 3 min after reaching
maximal N2O flow. This resulted in a mean application duration of 104 ± 13 s for the
short group, 159 ± 19 s for the medium group, and 212 ± 35 s for the long group.
Therefore, the long group may be compared to the historical standard of 4-min
(240 s) applications.
The present study demonstrates that 2 × 2 min of ablation after reaching maximal
N2O freezing flow does not impair the efficacy. Further shortening of the application
duration significantly reduced results for the left PVs, although no inferiority was
proven. In contrast, for the right PVs, even 2 × 1 min of freezing after reaching
maximal N2O freezing flow showed similar isolation rates compared to longer cryo
application durations.
The difference between the left and right PVs may be explained by the left lateral
ridge, a fold of the atrial wall protruding into the endocardial LA surface between
the orifices of the left PVs, and the ostium of the left atrial appendage
characterized by thick muscular tissue and known to be associated with isolation
gaps24,25. Because of its thickness, it may take longer for cryoenergy to disperse and
form a transmural lesion, therefore, a longer ablation duration may be needed to
achieve isolation in the left PVs.
In this study, the number of successfully isolated PVs after a single application is
similar to earlier reports using 180 and 240 s application durations8,16,18–20.
Safety
In general, the complication rate in this study was similar to comparable previous
studies. In our study, premature termination because of PNI occurred in 5% of the
PVs and was limited to the right PVs. Also, the RIPV accounted for a substantial
amount of these premature terminations. Compared to the short group, premature
termination because of PNI was more common in the groups with longer
application durations.
The incidence of PNI has been reported to increase from 2-11% in the firstgeneration balloon4,15,26,27 to 3-24% in the second-generation balloon4,26–28. Previous
study showed that the mean time to PNI was 123.6 ± 47 s (median: 131), indicating
that shorter application duration might prevent the occurrence of this
complication28.
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This study showed that shortening application duration reduces the incidence of
PNI while, for the right PVs, even the ablation protocol with the shortest duration
did not impair efficacy. Therefore, a PV-tailored approach with shorter application
duration for the right PVs may be recommended. This is especially important as
deterioration of diaphragm contractions sometimes already indicates irreversible
or long-lasting nerve damage.
TTI
Most recent studies considering dosing protocols focus on the TTI of a PV10,21,23. The
TTI in these protocols is used as a surrogate parameter for monitoring tissue
physiology. This method has shown to be a predictor for durable lesions and
enables a PV- and patient-tailored approach. In line with previous studies, we found
a significantly longer TTI in the applications that showed reconduction during the
procedure. However, not in every single application is TTI measurable. Therefore, an
optimal ablation duration irrespective of TTI is needed. Furthermore, when
incorporating TTI as the new standard in ablation protocols, data are needed to
determine the optimal duration of an application àfter TTI is reached. Moreover, as
recently mentioned, TTI as well as application time are both surrogate
parameters29. Ideally, a biophysical parameter that directly measures ice formation
or, ultimately, irreversible myocardial tissue deconstruction, should be available.
Recently, the results of a first promising biophysical parameter that measures ice
formation have been presented. This study is a proof of concept performed in an
animal model, so we have to wait for clinical applicability30.
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Conclusion
A shortened application duration protocol of medium duration does not impair
isolation success compared to the historical standard of long application duration.
Further reduction to short application times did significantly impair isolation for
the left, but not for the right, PVs. For the right PVs reduction to short application
times, less than 2 min, resulted in less PNI.
The 123-study is a randomized study demonstrating that PNI during cryoballoon PVI
can be reduced by further shortening the application duration for the right PVs,
while maintaining similar efficacy rates. A PV-tailored approach with shorter
application times for the right PVs might be advocated.
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Abstract
Background In the 123-study we prospectively assessed, in a randomized fashion,

the minimal cryoballoon application time necessary to achieve pulmonary vein (PV)
isolation (PVI) in patients with paroxysmal atrial fibrillation (AF) with the aim to
reduce complications by shortening the application duration. The first results of
this study demonstrated that shortened cryoballoon applications (< 2 minutes)
resulted in less phrenic nerve injury (PNI) without compromising acute isolation
efficacy for the right PVs. We now report the 1-year follow-up results regarding
safety and efficacy of shorter cryoballoon applications.
Methods 222 patients with AF were randomized to two applications of 1 min “short”,

2 min “medium” or 3 min “long” duration, 74 per group. Recurrence of AF and PV
reconduction at 1-year follow-up were assessed.
Results The overall 1-year freedom from AF was 79% and did not differ significantly

between the short, medium and long application groups (77, 74 and 85% for short,
medium and long application groups, respectively; P=0.07). randomization groups.
In 30 patients a redo PVI procedure was performed. For all four PVs there was no
significant difference in reconduction between the three groups. Reconduction was
most common in the left superior PV (57%). The right superior PV (RSPV) showed
significantly less reconduction (17%) compared to the other PVs.
Conclusions Shortening cryoballoon applications of the RSPV to <2 minutes results

in less PNI while acute success and 1-year freedom from AF is not compromised.
Therefore shorter cryoballoon applications (especially) in the RSPV could be used
to reduce PNI.
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Introduction
Since the recognition that pulmonary vein (PV) ectopy can trigger atrial fibrillation
(AF), pulmonary vein isolation (PVI) has become the cornerstone for nonpharmaceutical treatment of AF. The continuous improvement of ablation
techniques has made catheter ablation, including cryoablation, a first-line therapy
worldwide1,2. When compared to radiofrequency (RF), cryoballoon based PVI is
characterized by steeper learning curves, faster and more reproducible procedures
and has documented non-inferiority in terms of safety and efficacy3. Cryoballoon
has even been suggested to be the most advantageous choice in first-time PVI4.
Duration and dosing continue to be the topic of highest interest in cryoballoon PVI.
Not only to achieve the best possible results in terms of efficacy but also in terms
of safety. The optimal duration of cryoapplications is a ratio between acceptable
efficacy and safety. Especially phrenic nerve injury (PNI) is a common complication
and reducing phrenic nerve injury with cryoballoon PVI is of utmost importance5–8.
In current clinical practice the duration of cryoapplications differs widely from 180
to 240 seconds9,10.
In the 123-study11 we prospectively assessed, in a randomized fashion, the minimal
cryoballoon application duration necessary to achieve PVI, with the aim to reduce
procedural complications. The first results indicated that application duration
reduction for the right PVs, less than two minutes, resulted in less PNI with similar
acute isolation success11.
Here we present the 1-year follow-up results of the 123-study in terms of freedom
from AF and the insights gained from redo procedures considering safety and
efficacy.

Methods
The study design and the initial PVI procedure of the 123-study have been described
in detail previously11. Patients received 2 applications of 1 (short), 2 (medium) or 3
(long) minutes after reaching maximal N2O cooling flow. 222 consecutive patients
with paroxysmal AF were enrolled; 74 per group. Cryoballoon applications were
performed using a double-walled cryoballoon (Arctic Front AdvanceTM (n=208) or
Arctic Front Advanced ST™ (n=14), Medtronic Inc., MN, USA). Quality of PV occlusion
was visualized by contrast administration during fluoroscopy and scored on a
semiquantitative scale with grades 1 to 4. An occlusion of 4 was aimed for in every
application. The operators were not blinded for the application duration.
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The Achieve™ mapping catheter was inserted through the inner lumen of the
balloon to assess PV signals before, during and after every application and to guide
the positioning of the balloon. During cryoablation of the right-sided PVs, the right
phrenic nerve was continuously stimulated by pacing from the superior caval vein
or the right subclavian vein. In case of a diminished diaphragm excursion during
cryotherapy, the application was stopped immediately using the double-stop
technique12. If a premature termination caused by diminished diaphragm excursion
had to be performed, this was qualified as “PNI”.
Group definition
Primary successful PV isolation was defined as isolation of that particular PV,
proven by an entrance and exit block, after 2 applications. The primary success (PS)
group represents the patients in which all PVs were successfully isolated after the
designated application duration. Analysis of this group represents the success after
2x1, 2x2 or 2x3 minutes of ablation after reaching maximal N2O freezing flow.
The entire patient group can be seen as the intention-to treat-group. Representing
a “real-world group” in which, depending on the randomization, a shortened
application duration was used for the first two applications. If these applications
were not sufficient for isolation, supplementary applications were applied to
assure complete isolation for all the PVs. The number and duration of these
supplementary application(s) were determined by the operating physician. The
analysis of this group represents whether starting with shorter applications could
be used to prevent complications reaching the same efficacy level.
Follow-up
All patients were scheduled for outpatient clinic visits at 3, 6 and 12 months post
PVI. A 7-day holter ECG (Vitaphone GmbH, Mannheim, Germany) capable of autodetecting AF or a 48hr regular holter ECG was recorded at 3, 6 and 12 months postPVI.
Redo PVI procedure
After confirmation of AF recurrence lasting >30s, patients were offered a redo
procedure. In the redo procedure, isolation was assessed and reconduction gaps
were ablated using RF. Atrial geometry was constructed using either CARTO®
(Biosense Webster, CA, USA) or NavX™ mapping systems (St Jude Medical, St Paul,
MN, USA). Reconduction was assessed using a spiral catheter (Lasso®, Biosensense
Webster, CA, USA) for every PV. In PVs with identified reconduction, RF was applied
until isolation was achieved.
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Statistical Analysis
Continuous variables are summarized by mean ± standard deviation for normally
distributed variables or median with interquartile ranges for non-normally
distributed variables. Categorical variables are expressed as numbers and
percentages. Statistical differences for continuous normally distributed variables
were analyzed using ANOVA for three groups. In case the ANOVA showed significant
differences, post hoc tests according to the method of Tukey’s Honestly Significant
Differences were performed. For non-normally distributed variables the KruskalWallis test was used to test for differences between the three groups with post
hoc Mann Whitney U tests using Bonferroni-Holm correction. Statistical differences
between the groups for categorical variables were analyzed using Chi-square or
Fisher exact tests, as appropriate. In case significant differences between
categorical variables were observed, post hoc tests according to Bonferroni-Holm
were performed.

Results
Between July 2014 and August 2017 a total of 222 patients, 74 patients in each group,
were enrolled and had follow-up until August 2018. There were no significant
differences between the baseline patient characteristics for the 3 groups (Table 1)11.
Significant differences in procedural characteristics were found for application
duration and total procedure duration. Three patients were lost to follow-up. One
patient withdrew consent, 2 patients died before reaching the 1-year follow-up
point. One patient died 254 days post procedure of a metastasized sigmoid
carcinoma and the other patient died 299 days post procedure without a specific
cause of death found at autopsy. The former had symptomatic recurrence of AF
during follow-up.
Freedom from AF
173 out of 220 (79%) patients were free from recurrence of AF (Figure 1a). There was
no significant difference between the three randomization groups for recurrence
of AF (P=0.07). In the initial PVI, all PVs were primarily successful (PS) isolated in
128/220 (58%) patients (Figure 1b). Differences in numbers of PS patients per
randomization group were significant for short (45%) vs medium (66%) (P=0.01) and
short vs long (64%) (P=0.03). As shown in the first results, these differences were
significant for the left PVs but not for the right PVs. The RSPV showed a PS
percentage of >90% for all randomization groups (Figure 3, Molenaar et al. 201911).
The freedom from AF in the 128 PS patients was 84% and there was no significant
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Table 1 Patient and procedural characteristics
Total
(n=222)

Short
group
(n=74)

Medium
group
(n=74)

Long
group
(n=74)

P-value

Age (years)

58 ± 9

58 ± 10

59 ± 9

57 ± 9

0.40

Gender (male,%)

143 (64)

46 (62)

47 (64)

50 (68)

0.78

CHA2DS2VASC score

1.2 ± 1.1

1.3 ± 1.2

1.2 ± 1.2

1.0 ± 1.0

0.34

EHRA class
Duration of 1 application (s)
(median [IQR])
Procedure time (hh:mm)

2.4 ± 0.5
163 [107-219]

2.4 ± 0.5
105 [101-108]

2.4 ± 0.5
2.4 ± 0.6
164 [160-168] 224 [219-226]

0.90
<0.0011

1:28 ± 0:24

1:22 ± 0:23

1:29 ± 0:27

0.042

1:32 ± 0:20

Data are expressed in mean ± SD or n(%) unless stated otherwise
1
Significant between all groups
2
Significant between short and long group

Figure 1 Distribution of patients over randomization-groups: a. 1-year freedom of atrial
fibrillation (in all patients, intention to treat group) b. Primary success patients (= all PV’s
primarily successful isolated in initial procedure) c. 1-year freedom of atrial fibrillation in
primary success patients
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difference (P=0.08) between the randomization groups in the PS patients either
(Figure 1c).
Redo PVI procedure
In 17/47 patients with recurrence of AF no redo procedure was performed. These
patients experienced a significant reduction in AF burden following the initial PVI,
with or without medical treatment, so that they renounced a redo procedure. In 30
patients, 12 in the short and medium group and 6 in the long group, a redo PVI
procedure was performed. In 3 patients (10%) all PVs showed durable isolations.
Reconduction was found in one PV in 8 (27%) patients, in two PVs in 13 (43%)
patients, in three PVs in 5 (17%) patients and in one patient (3%) all PVs showed
reconduction.
For all PVs, as well as the subgroup of PVs in which isolation was primarily
successful (PS PVs), most reconduction was found in the left superior PV (LSPV)
(17/30 57% all PV group, 15/25 60% PS PV group). The RSPV (5/30, 17%) showed
significantly less reconduction compared to all other PVs (Figure 2 and 3, total-bar).
A sub-analysis comparing reconduction in all four separate PVs showed no
significant differences between the three randomization groups in the intention to
treat PV group (Figure 2, short-medium-and-large bars) as well as the PS PV group
(Figure 3, short-medium-and-large bars).

Discussion
The 123-study was designed to assess the minimal cryoballoon application duration
for PVI while improving safety. Patients were randomized to 3 different groups
comparing standard to reduced application durations, resulting in application
durations of 105 [101-108] s for the short group, 164 [160-168] s for the medium group
and 224 [219-226] s for the long group. The purpose of the study was to find an
optimal freezing duration preserving efficacy and improving safety (especially) by
avoiding PNI. The acute results of the 123-study demonstrated that the incidence
of PNI was successfully reduced by using shorter cryoapplications.
The follow-up results show 1) similar 1-year freedom from AF for the short, medium
and long duration groups in both the PS patients as well as the entire (intention
to treat) patient group. Isolation assessment in redo procedures showed that 2) the
RSPV had significantly less reconduction compared to all other PVs. 3) For all four
PVs reconduction appeared independent of the previously applied duration of
cryoapplications.
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Figure 2 Recurrence distribution per PV for all patients Overall (= total) Per randomization
group (short, medium, long) PV: Pulmonary Vein LS: Left Superior LI: Left Inferior RS: Right
Superior RI: Right Inferior

Figure 3 Recurrence distribution per PV for primary successful PV group Overall (total, group
of primarily successful isolated PV’s in initial procedure) Per randomization group (short,
medium, long) PV: Pulmonary Vein LS: Left Superior LI: Left Inferior RS: Right Superior RI: Right
Inferior
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Application duration and freedom from AF
This follow-up analysis shows a 1-year freedom from AF success rate of about 80%,
which is in accordance with success rates reported earlier3,13,14. The success rates
for 1-year freedom from AF did not differ significantly between the randomization
groups indicating that 1-year efficacy is not impaired by shortening application
duration. However, a trend towards higher 1-year freedom from AF for the “long”
group was found in the entire patient group. Similar results were seen in the CIRCADOSE study, the only other study performed prospectively in a randomized fashion
comparing the standard to new dosing protocols. In that study, 2min vs 4min
application duration showed a 73% vs 78% efficacy after 12 months15.
Reconduction per randomization group
The per-PV-analysis indicated that shortening the cryoablation duration does not
affect the reconduction rate in the individual PVs. However, a trend towards more
durable lesions was noted in the “long” group for the LSPV, LIPV and RIPV (Figure
3). Recently Chen et al. published comparable results where a freeze duration of
240 versus 180 s was associated with significantly increased lesion durability,
particularly at the left-sided PVs16. Here the low number of PVs per group in our
study should be considered. Assessment of larger redo-cohorts is needed to confirm
these results.
Reconduction per PV
Isolation assessment in redo-procedures showed that the LSPV had the most and
RSPV the least reconductions, significantly less when compared to all three other
PVs. The reconduction per PV after second-generation cryoballoon PVI showed
mixed results in earlier studies. One study demonstrated that the RSPV is most
prone to reconduction, in other studies the RIPV showed most reconductions,
attributed to the challenging anatomy of the RIPV in terms of occlusion17–19. A recent
study by Martins et al. reported reconduction rates around 20% in the left PVs and
around 30% in the right PVs20. With patient numbers in the mentioned studies
ranging from around 18 to 66, our study with 30 patients is comparable. The
different dosing protocols adopted in these studies may have accounted for
differences in outcome.
Phrenic nerve injury
The first results of the 123-study showed an important reduction in PNI incidence
from 6.8% and 6.5% in the long and medium group to 1.7% in the short group11.
Although the number of PS patients differed between the randomization groups
(Figure 1b) the RSPV showed an acute success rate of 92% which was similar to
84

acute success rates for medium and long randomization groups. Hence, application
duration reduction towards short applications (105 [101-108] s) for the RSPV resulted
in less PNI and did not impair acute isolation11. The current results show that 1-year
success with shorter cryoapplications for the RSPV is not impaired either, justifying
a shortened application duration in the RSPV to prevent from PNI. This adds to the
growing awareness that all four PVs should be assessed separately regarding PV
isolation and to find the parameters to predict lesion durability21.

Conclusion
Shortening cryoballoon application duration of the RSPV to less than 2 minutes
results in less PNI while acute success (PVI) as well as 1-year success (freedom
from AF) was not compromised. Therefore cryoballoon application duration for the
RSPV could be shortened to prevent PNI.
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Abstract
Background Low oesophageal temperatures (OTs) during cryoballoon pulmonary

vein (PV) isolation (PVI) have been associated with complications. This study
assessed the incidence of low OT in clinical practice during cryoballoon PVI and
verified possible predictive values for low OT.
Methods Consecutive patients who underwent PVI using the second generation

cryoballoon were retrospectively included. Distance from the oesophagus to the
different PVs (OP distance), Body Mass Index (BMI), sex, age, balloon temperature
and application time were studied as potential predictor for low OTs. A
preprocedural CT was performed to determine OP distance. OT was measured using
an oesophageal temperature probe. Applications were prematurely ended if OT
reached <16°C. Low and ultralow OT were defined as OT <20 and <16°C.
Results Two hundred and four patients were included. Low OT was observed in 54

patients (26%) and 27 patients (13%) reached ultralow OTs. OP distance was the only
predictor for low OTs after multivariate analysis. A cut-off value of 19mm showed
96.2% sensitivity and 37.8% specificity in predicting low OTs. No clinically relevant
relation was found between low OTs and BMI, age, sex, balloon temperature or
application duration.
Conclusions The incidence of low OT was 26% for cryoballoon PVI. OP distance was

the only predictor for low OTs. Since OP distance <19mm for any PV was present in
all patients we recommend routine OT measurement during PVI cryoballoon
therapy to prevent oesophageal related complications.
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Background
Pulmonary vein (PV) isolation (PVI) is an established treatment option for atrial
fibrillation (AF). Cryoballoon catheters are increasingly used to perform PVI as a
successful alternative to point-by-point radiofrequency ablation.
However, cyrothermal energy can reach the surrounding tissues, potentially
causing collateral damage. Oesophageal lesions, atrio-oesophageal fistulae and
vagal nerve injury, resulting in gastroparesis, have been related to low oesophageal
temperatures (OT’s)1–7. OT’s ≤12°C have shown a 100% sensitivity and 92% specificity
in prediction of gastro-oesophageal lesions formation3. Interruption of cryoablation
at an OT of 15°C has been associated with reduced incidence of oesophageal injury8.
In clinical practice low OTs emerge on a regular base. Finding predictive parameters
for low OT’s would enable taking precautions to prevent collateral damage. This
study aimed to retrospectively assess the incidence of “low” and “ultralow” OT,
defined as OT <20°C respectively <16°C, in clinical practice during regular PVI using
the second generation cryoballoon. Furthermore we hypothesized that predictive
parameters for (ultra)low temperatures could be found in the anatomical position
of the oesophagus in relation to the different PVs, BMI, age, sex, balloon
temperature and/or application time.

Methods
Patients
Patients accepted for cryoballoon PVI according to current international guidelines
at the Medisch Spectrum Twente (Enschede, the Netherlands) were included in this
single centre retrospective study9. Need for informed consent was waived by the
medical ethical committee and this study complies with the Declaration of Helsinki.
Cardiac CT PVI protocol
Pre PVI image acquisition by cardiac CT angiography was performed on a 64
detector Toshiba Aquilion CT-scanner (Toshiba Medical Systems, Tokyo, Japan). If
possible, CT scanning was synchronized with the electrocardiogram. Parameters
were field of view 500mm, 120kV, 300mAs (automatically adjusted to the cardiac
cycle typically at 75%. Acquisition was performed using a 0.5mm slice thickness and
0.3mm slice interval.
A bolus of 80mL iodinated contrast agent (Visipaque 320mg I/mL) was injected at
the antecubital vein at 3mL/s followed by saline chaser of 20mL. Bolus tracking was
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Figure 1 Position of the thermoprobe (s-shaped) in the oesophagus with cryoballoon
positioned at the antrum of the left superior pulmonary vein with the lasso catheter inside
this pulmonary vein and contrast dye being injected in the pulmonary vein (right upper
quadrant). The stimulation catheter is positioned in the coronary sinus.
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a.

b.

Figure 2 Shortest oesophagus to PV (OP) distance measurement. First we looked in the CT
images for a. the origin of the os, identified as the indentation in the posterior wall, caused
by the angulation of the pulmonary vein compared to the atrial wall. The angulation between
the PV and the atrium can be well distinguished in this 3D view. The distance from identified
angulation (*) to the oesophagus in the axial plane represents the closest OP distance. b. This
distance was measured (13.8mm).
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performed until a region of interest of >170 Hounsfield Units was measured in the
left atrium.
PVI procedure
All procedures were performed under general anaesthesia with continuous arterial
blood pressure monitoring. Heparin was administered to achieve an activated
clotting time of >300 seconds during the procedure. A temperature probe was
inserted into the oesophagus under fluoroscopic guidance. In the first 79 patients
a temperature probe with 3 thermocouples separated by 10mm (SensiTherm TM, St
Jude Medical Inc., MN, USA) was used, the position of this temperature probe was
adjusted to the fluoroscopic position of the balloon during each application. In the
last 126 patients a S-shaped temperature probe with 12 electrically insulated
temperature sensors (CIRCA S-CATH™, CIRCA Scientific, CO, USA) was used (Figure
1). The use of a 23 or 28mm balloon (Arctic Front AdvanceTM) was based on the PV
diameters. Optimal positioning of the balloon was performed integrating the preperformed CT images in a 3D system (Philips, The Netherlands) or by angiography
of the PVs10.
During cryoablation of the right sided PVs the right phrenic nerve was continuously
stimulated by pacing from the superior caval vein or the right subclavian vein. If
diminished diaphragm excursion was observed during cryotherapy, the application
was stopped immediately using the double stop technique11. If reaching OTs<16°C,
the application was stopped prematurely8. A subsequent application was not
applied until OT reached >30°C again.
Initially two applications were performed and target application time did not
exceed 240s in all but 5 applications. Successful isolation of a PV was proven by
entrance and exit block. If isolation was unsuccessful after the initial two
applications, ablation was continued until complete isolation was achieved. At the
end of the procedure, possible dormant conduction was evaluated using adenosine.
CT Measurements
The CT we used for was primarily performed to assess the PV anatomy prior to PVI.
Based on the anatomy a patient was scheduled for Cryoballoon or RF. For this study
these pre-PVI acquired CT images were used to measure the shortest distance
between the oesophagus and the os of every PV (OP distance). To measure this OP
distance, the origin of the os was identified as the indentation in the posterior
wall, caused by the angulation of the PV compared to the atrial wall (Figure 2a).
Since the oesophagus runs perpendicular to the axial plane, the distance from the
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identified angulation to the oesophagus in the axial plane represents the closest
OP distance. This distance was measured (Figure 2b).
Statistical analysis
Low OT was defined as OT<20°C and ultralow OT as OT<16°C. Continuous variables
are reported as mean with SD (normally distributed) or as median with interquartile
range (non-parametric data). Categorical variables are displayed as numbers.
Comparison of baseline characteristics between patients with and without low OT
was performed using an independent T-test or Mann-Whitney U test as appropriate
for continuous variables. For comparison of categorical variables the Chi-square or
Fisher exact test was used.
Correlation coefficients were calculated (Pearson or Spearman correlation tests) to
test the association of the potential predictors, OP distance, BMI, age, sex, balloon
temperature and application time, with the continuous OT. A correlation coefficient
<0.25 was considered clinically not relevant. Univariate logistic regression analyses
were performed to select predictors for low OT. All variables associated with p<0.10
were entered in a multivariate logistic regression analysis. Subsequently variables
with the highest p-values were deleted until the fit of the model decreased
significantly (based on -2loglikelihood). A 2-sided P value of <0.05 was considered
statistically significant. Statistical analyses were performed with SPSS v.22.

Results
Incidence
Two hundred and four patients were included. Baseline characteristics of the study
cohort are shown in Table 1. Median time between CT acquisition and PVI was 66
days (IQR 38-99). Figure 3 shows the distribution of OTs reached. In 54 patients
(26%), two with the 23mm balloon, OTs below 20°C were reached. In 27 patients
(13%) the lowest OT was <16 °C and in one patient OT dropped below 10°C (7.6°C). In
23 patients applications were prematurely stopped because of (ultra)low OT. In 4
patients with low OT’s, applications were not prematurely terminated. Low OT’s
were reached after regular application time was completed, due to the latency
effect. There were no significant differences in baseline characteristics between
the (ultra) low OT group and the group without low OT. In all but five patients the
28mm balloon was used, in six patients both the 28mm and the 23mm balloon were
used. Low OT’s were found 8% of the PVs in which the SensiTherm was used and in
9% of the PVs in which the Circa S probe was used (p=0.67). In 168 patients a CT was
available for measurement of OP distance. Lowest OTs occurred in the left inferior
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Table 1 Baseline characteristics (n=204)
Parameter

No low OT Low OT
(n=148)
(n=56)

Age (years)
Gender: male n (%)
LA diameter n (%)†
Normal
Mildly dilated
Moderately dilated
Severely dilated
Unknown
Medical history n (%)
Hypertension
Diabetes mellitus
Coronary Artery Disease
Stroke

56 ± 11
105 (71)

58 ± 12
36 (64)

126 (85)
17 (12)
3 (2)
1 (1)
1 (1)

46 (82)
7 (13)
0 (0)
1 (2)
2 (4)

45 (30)
5 (3)
12 (8)
2 (1)

12 (21)
1 (2)
4 (7)
0 (0)

Table 2 Number of lowest OT
per patient sorted by PV of
occurrence
PV

Temperature (°C)
20-16

16-10

10-0

LSPV

0

1

0

LIPV

18

16

1

RSPV

2

0

0

RIPV

7

9

0

OT; Oesophagus Temperature PV;
Pulmonary vein LS; Left Superior LI;
Left Inferior RS; Right Superior RI;
Right Inferior

LA: Left Atrium, OT: Oesophagus Temperature
†
LA diameter ranges for cc/m2 as in Lang et al.
201532 Normal 16-34 cc/m2 Mildly dilated 35-41 cc/m2
Moderately dilated 32-48 cc/m2 Severely dilated >48
cc/m2

Figure 3 Occurrence (in % of patients) of lowest oesophagus temperatures (in ºC) during PVI
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(LI) and right inferior (RI) PVs (Table 2). Median OP distance was 8.7[5.4-12.3] mm for
left superior (LS) PV, 7.6[4.7-11.8] mm for the LIPV, 29.3[23.7-34.7] mm for the right
superior (RS) PV and 17.0[11.8-22.7] mm for the RIPV. During regular clinical followup for 1 year no clinical consequences were demonstrated within the group of
(ultra)low OT.
Predictors
No clinically relevant correlation with OT was found for BMI, age, sex, balloon
temperature or application time. A significant and clinically relevant correlation of
0.405 was found for OP distance and OT (Figure 4). Univariate logistic regression
analysis showed that low OTs (<16%) were negatively associated with OP distance
(OR 0.85; CI 0.80-0.90; p<0.001), and positively associated with balloon temperature
(OR 1.08; CI 1.03-1.12; p=0.001). BMI (OR 0.92; CI 0.85-1.01; p=0.072), age (OR 1.01; CI 0.991.04; p=0.41), male gender (OR 1.56 CI 0.87-2.77 p=0.14), and application time (OR 0.99;
CI 0.99-1.00; p=0.075) were not independently associated. OP distance, balloon
temperature, BMI and application time were included in the multivariate analysis
based on the level of significance.
In multivariate logistic regression analysis, OP distance (OR 0.84 95% CI 0.791–0.895
p<0.000) and application time (OR 0.99 95% CI 0.985-0.999 p=0.020) were the only
independent predictors of low OT’s. Since the application time was shortened in
the group of patients reaching ultralow OT’s, a sensitivity analysis was performed
and ultralow OT’s were excluded. The sensitivity analysis showed that there was
no predicting effect of application time. Therefore, the OP distance was the single
independent predictor for low OT’s. Assessment of the sensitivity and specificity
was performed for several cut-off values (Table 3). Since this parameter would be
used for prevention the focus should be on a high sensitivity, preferably >95%.
Therefore we selected a cut-off value of 19mm for OP distance. This showed a 96.2%
sensitivity and 37.8% specificity in predicting low OT’s (Table 3 & 4). An OP distance
<19mm was present in all patients in at least one PV.

Discussion
In our study population second generation cryoballoon PVI shows low OTs, below
20°C, in 54 patients (26%). In half of them ultralow OTs, below 16°C, were measured
despite the cessation of cryotherapy at 16°C. Multivariate analysis identified OP
distance as the only predictor for low OTs. A cut-off value of 19mm showed a 96.2%
sensitivity and a 37.8% specificity for predicting low OTs. No clinically relevant
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Table 3 Sensitivity and specificity for OP
distances cut-off values

Table 4 Occurrence of low OT per PV for
OP distances < and > 19mm

OP distance
cut-off (mm)

Sensitivity
(%)

Specificity
(%)

OP distance

Low OT

No Low OT

15
18
19
20
23

86.5
92.3
96.2
96.2
98.1

47.8
40.3
37.8
35.2
28.8

< 19mm
> 19mm

50
2

361
219

OT; Oesophagus Temperature OP;
Oesophagus to Pulmonary vein; PV
Pulmonary Vein

OP; Oesophagus to Pulmonary vein

Figure 4 Relation of lowest oesophagus temperature with corresponding distance from PV to
oesophagus (OP distance), BMI, balloon temperature and application duration.
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relation was found between low OTs and BMI, age, sex, balloon temperature or
application duration.
With the introduction of the second generation balloon the PVI success had
increased12,13. However the potential of inadvertent collateral injury has increased
too since cryothermal energy disperses into the surrounding tissues. This involves
damage to the oesophagus (oesophageal lesions and even fistulas), as well as
damage to the vagal and phrenic nerves but also bronchial effects have been
described1–7,14,15.
Several studies performing systematic postprocedural esophagoscopy post PVI
have demonstrated a high incidence of oesophageal lesions (18.8%)3,8,16–18. A high
incidence of gastric motility disturbance, which can result in gastroparesis, has
been described too (17.3%)6,7,19,20. This relates to the vagal nerve which is situated in
close proximity to the heart, spreading out on the oesophagus in a web-like
structure, innervating the stomach, providing gastric motility, and the pyloric
sphincter.
In our study the OP distance, as determined on pre-PVI performed CT images, was
the single predictor of low OT’s, with a cut-off value of 20.0mm showing a high
sensitivity. However, in every patient at least one of the PV’s showed an OP
distance <19mm which implies that a temperature probe should be routinely used.
Unfortunately, the specificity of this predictor was fairly low. An explanation could
be the variability of the oesophageal position in time. Research in that field, with
small numbers, showed evidence for a fixed as well as a variable position21–23.
The relation between OP distance and OT has only been shown for radiofrequency
PVI and ultrasound balloon PVI so far, but seems trivial24,25. Martinek already showed
oesophagus to left atrium distance as the single predictor for oesophageal
ulcerations in radiofrequency PVI26. Recently, Miyazaki assessed the relation
between OP distance and gastric hypomotility in cryoballoon PVI and found a cutoff value of 18.2mm for the RIPV (88.1% sensitivity 77.8% specificity)19. It was also
suggested that the anatomical relation between PV’s and aorta may identify
patients prone for low OT’s19,27.
Another explanation could be that the pressure applied to the PV, when occluding
it using the balloon, changes the relationship between the LA and the oesophagus.
In our study, low and ultralow OT occurred predominantly in the inferior PVs (Table
2) which can be explained by the anatomic course of the PVs. As the inferior PVs
run posteriorly, the balloon is being pushed towards the oesophagus in these PVs.
102

OT guidance of cryoballoon PVI has shown a significant reduction of thermal
oesophageal lesions and interrupting applications at an OT of 15°C has been
suggested to prevent from oesophageal injury8. Our study shows that low OT is
found in a considerable number of patients during cryoballoon PVI, but the use of
temperature probes is still not routinely used nor recommended.
In the first 79 patients a straight temperature probe with 3 thermocouples
(SensiTherm) was used. A concern of this probe is the possible underestimation of
the ET. It could be positioned contralateral to the side where the energy is applied
or could be floating free in the oesophagus28,29. Furthermore the point of coldest
temperature could be in between the thermocouples. During the study period the
most recent thermoprobe (Circa S-Cath) was introduced and some of these
disadvantages seem to be eliminated30 (Figure 1). It contains 12 electrically
insulated temperature sensors which are positioned with smaller spacing. Due to
the S-shape of the probe it touches the oesophagus walls and covers the whole
length of the oesophagus in relation to the PVs which prevents the need to
reposition the probe during the procedure. Therefore we switched to the Circa SCath in the remaining 125 patients. The usage of two different probes might have
had an effect on the registered OT’s. However no differences between these two
groups were found for occurrence of low OT.
Balloon temperatures are often used as a surrogate metric for OTs and for possible
low temperatures in adjacent structures. The absence of clinically significant
correlation between minimum balloon temperature and lowest OT found in our
study is in accordance with earlier reports on this subject3,8.
Despite the cessation of cryotherapy when OT reached <16°C, OT’s far below 16°C
were seen. This decline in OT even after the freeze cycle was terminated has been
reported upon by Deiss et al.31. It is also known as “the latency effect”. The
maximum latency effect found in that study was a decline of 6.4°C. In our study an
even larger maximum latency effect of 8.4°C (16 to 7.6°C) was seen. It underlines the
importance of this effect when applying safety cut-offs.

Study Limitations
The existence of variability in the oesophageal position is still in debate, research
with small numbers showed evidence for a fixed as well as a variable position21–23,30.
If the oesophageal position indeed has active dynamics, this could have affected
our results. If serious migration of the oesophagus between the moment the CT
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was acquired and the ablation was performed is possible, this could have affected
the OP distance and therefore the predictive value of it.
No endoscopic inspection was performed to assess the possible extent of
oesophageal injury. This has been addressed in prior studies which uniformly
demonstrated a relation between low OT and oesophageal lesions3,8,16.
The usage of two different probes might have had an effect on the registered OT’s.
However no differences between these two groups were found for occurrence of
low OT.
Finally, the retrospective design has to be taken into account.

Conclusion
Second generation cryoballoon PVI results in OT <20°C in 26% of patients. Half of
them even showed OT <16°C. Multivariate analysis identified OP distance as the
only predictor for low OTs. No clinically relevant relation was found between low
OTs and BMI, age, sex, balloon temperature or application duration. A cut-off value
for OP distance of 19mm showed a 96.2% sensitivity and a 37.8% specificity for
predicting low OTs. As OP distance <19mm for any PV was present in all patients
we recommend routine OT measurement in all patients during cryoballoon therapy
to prevent oesophageal related complications.
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Abstract
Aims Cryoballoon pulmonary vein (PV) isolation in patients with atrial fibrillation

has proven to be effective in short-term and long-term follow-up. To visualise the
PV anatomy, pre-ablation contrast pulmonary venography is commonly performed.
Three-dimensional (3D) computed tomography (CT) overlay is a new technique
creating a live 3D image of the left atrium by integrating a previously obtained CT
scan during fluoroscopy. To evaluate the benefits of 3D CT overlay during
cryoballoon ablation, we studied the use of 3D CT overlay versus contrast
pulmonary venography in a randomised fashion in patients with paroxysmal atrial
fibrillation undergoing cryoballoon PV isolation.
Methods and results Between October 2012 and June 2013, 30 patients accepted

for PV isolation were randomised to cryoballoon PV isolation using either 3D CT
overlay or contrast pulmonary venography. All patients underwent a pre-procedural
cardiac CT for evaluation of the anatomy of the left atrium (LA) and the PVs. In the
3D CT overlay group, a 3D reconstruction of the LA and PVs was made. An overlay
of the CT reconstruction was then projected over live fluoroscopy. Patients in the
contrast pulmonary venography group received significantly more contrast agent
(77.1 ± 21.2 cc vs 40.1 ± 17.6 cc, p < 0.001) and radiation (43.0 ± 21.9 Gy.cm2 vs 28.41 ±
11.7 Gy.cm2, p = 0.04) than subjects in the 3D CT overlay group. There was no
difference in total procedure time, fluoroscopy time and the amount of
cryoapplications between the two groups.
Conclusion The use of 3D CT overlay decreases radiation and contrast dye exposure

and can assist in guiding cryoballoon-based PV isolation.

113

Introduction
Atrial fibrillation (AF) is the most common arrhythmia, affecting approximately 1.5–
2% of the general population1. In 1998, the pulmonary veins (PVs) were identified
as potential targets for the invasive treatment of AF2.
PV isolation is an effective treatment for patients with symptomatic paroxysmal
AF and recommended in international guidelines1. Ablation success rates at 12
months range between 66 and 89%3–5. However, radiofrequency ablation requires
tedious point-to-point delivery of multiple applications to isolate PVs6. As a result,
more circular ablation catheters have been developed facilitating PV isolation.
Ablation using a cryoballoon has been proven effective in short and long-term
follow-up, with equal efficacy and safety, compared with the conventional
radiofrequency approach6–10.
Pre-procedural contrast pulmonary venography is commonly performed to visualise
the PV anatomy. Fluoroscopy is inherently associated with significant radiation
exposure for both the patient and operator. Improved visualisation using iodinebased contrast agents is dose-dependent related to acute and chronic kidney
failure. Several techniques have been evaluated to optimise the visualisation
during the cryoablation procedure, such as the use of real-time three-dimensional
oesophageal echocardiography11.
Three-dimensional (3D) computed tomography (CT) overlay creates a live 3D image
during the procedure by integrating fluoroscopy with a previous CT scan or newly
taken rotational angiographic 3D images of the left atrium (LA) and it has been
shown to assist in radiofrequency-based PV isolation12. 3D CT overlay can facilitate
optimal positioning of the cryoballoon and reduce contrast medium use and
radiation exposure. Better positioning of the balloon can decrease the necessity
for additional application(s) during PV isolation, using extra balloon or catheter
cryo applications to achieve PV isolation. To evaluate the benefits of 3D CT overlay
during cryoballoon ablation, we studied the use of 3D CT overlay versus contrast
pulmonary venography in a randomised fashion in consecutive patients with
paroxysmal AF undergoing cryoballoon PV isolation.

Methods
Patients were eligible for enrolment in the study when they were accepted for
percutaneous PV isolation for paroxysmal AF, as defined in the current guidelines1.
The exclusion criteria were as follows: (1) Patients with persistent AF, as defined in
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the current guidelines13; (2) A left atrial diameter of more than 50 mm in the
parasternal long axis on transthoracic echocardiography; (3) Previous pulmonary
vein isolation ablation (epicardial or endocardial); (4) Previous cardiac surgery; (5)
Significant valvular disease present on echo (mitral or aortic valve regurgitation
above grade 2, moderate to severe mitral or aortic stenosis); (6) Concomitant
cardiac surgery needed; (7) Left ventricular ejection fraction <40%; (8) Hypertrophic
(obstructive) cardiomyopathy or dilated cardiomyopathy defined as an ejection
fraction <40%; (9) Pregnancy; (10) Myocardial infarction within the previous 3
months; (11) AF secondary to electrolyte imbalance, thyroid disease, other reversible
or non-cardiovascular causes for AF. Patients were recruited in the outpatient clinic
and included in the study after signed informed consent was obtained.
After inclusion, patients were randomised to cryoballoon PV isolation using 3D CT
overlay or contrast pulmonary venography. All patients underwent a pre-procedural
cardiac CT for evaluation of the anatomy of the LA and the PVs. If the patient’s PV
anatomy was not suitable for cryoballoon ablation, the patient was excluded.
Patients were also excluded if the PVs could not be isolated with the cryoballoon
alone during the procedure.
Sample size calculation
To reach statistical significance of 20% difference between the two groups
regarding fluoroscopy time and contrast medium, we used the following
parameters for power calculation: alpha = 5%; power = 80%; and assuming equal
standard deviations in each group. Requiring 47 patients for fluoroscopy time and
17 for contrast medium. An interim analysis would be performed after 30 inclusions
in consultation with the medical research ethics committee.
Pre-procedural cardiac CT
The pre-procedural contrast-enhanced cardiac CT was performed using a 64 multislice scanner (Toshiba Aquillion 64, Tokyo, Japan). Images were obtained at 120 kV
and 300 mAs. Rotation time was 0.4 ms. The thickness of the reconstructed image
slices was 0.3 mm. During a 20-second end/expiratory breath hold, 80 mL contrast
(Visipaque 320, GE Healthcare A.S., Oslo, Norway) was injected. An ECG-triggered
scan was timed at 50% of the average inter-beat (RR) interval.
Ablation procedure
Two electrophysiologists (MS and JvO) with extensive experience in cryoballoon
ablation performed the procedures. All patients were on oral vitamin-K antagonists
with the international normalised ratio between 2.5 and 3.5. Vitamin K antagonists
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were continued during the procedure14. All procedures were performed under
general anaesthesia and arterial blood pressure was continuously monitored.
Venous access was obtained from the right and left femoral vein. A diagnostic
catheter (EP XT CS 4p, BARD Medical Inc., GA, USA) was positioned in the coronary
sinus for stimulation of the LA. The LA was accessed by a transseptal puncture with
a Brockenbrough needle monitored by intra-cardiac echocardiography (St. Jude
Medical, MN, USA), first with a SL-O sheath (St. Jude Medical, MN, USA), changed
over a 0.32 F wire to a steerable 12 F sheath (Flexcath, Medtronic Inc., MN, USA).
During the procedure, heparin was given to achieve an activated clotting time of
>350 s. The use of a 23 or 28 mm balloon was based on the PV diameters.
3D CT overlay group
Before the start of the procedure, the CT images were imported into the EP
Navigator workstation (Philips Medical Systems, Best, the Netherlands) to create a
3D digital reconstruction of the anatomy of the LA and the PVs as previously
described12. An automated reconstruction tool was used. Manual correction tools
were used for optimisation of this reconstruction. An overlay of the CT
reconstruction was then applied over live fluoroscopy and registration was
performed using anatomical landmarks, catheter positions and contrast boluses in
both superior PVs. Validation of the correct registration was performed in
anteroposterior and lateral views (Figure 1).
Contrast pulmonary venography group
After transseptal puncture, a 7 French NIH catheter (Cordis, Miami Lakes, FL, USA)
was introduced and contrast was delivered to each single PV. High definition
cinematographic images of the PVs were made in left and right anterior oblique
projections.
Procedure
We used the Arctic Front Advance cryoballoon (Arctic Front Advance, Medtronic Inc.,
MN, USA). The 28-mm balloon was used in 21 patients. A multipolar catheter
(Achieve, Medtronic Inc., MN, USA) was inserted through the inner lumen of the
balloon to assess PV signals before, during and after the ablation and to guide the
positioning of the balloon, after which the total assembly was introduced into the
LA. After inflation, the cryoballoon was advanced to occlude the PV and a contrast
bolus was administered to confirm total occlusion. In general, two consecutive
applications were delivered for each PV, varying from 180 to 240 s, depending on
temperatures reached. During isolation of the right PVs, the right phrenic nerve
was continuously stimulated by a catheter placed in the superior vena cava. If the
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Figure 1 Example of a left atrial 3D CT overlay on the live fluoroscopy. The Achieve catheter is
inserted into the left superior PV. A 4-pole catheter is placed in the coronary sinus.
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diaphragm excursions diminished during cryoablation, the ablation was
immediately stopped using the double stop technique15. Bidirectional block was
confirmed for each vein. After a 30-minute waiting period, all four PVs were checked
for reconduction and adenosine was administered to reveal dormant PV potentials.
Radiation dose
Effective dose is a convenient quantity to estimate the stochastic risk of radiation
applied to patients in interventional procedures16. Radiation of cardiac CT was
measured as dose length product. The dose length product was converted to the
effective dose by using a conversion factor of 0.014 mSv Gy1 cm117. Radiation of
fluoroscopy was measured in dose area product (DAP). The DAP was converted to
the effective dose by using a conversion coefficient of 0.188 mSv Gy1 cm218. For the
3D CT overlay group, the main effective dose was calculated by adding the
previously mentioned conversion indices for the cardiac CT and radiation of
fluoroscopy.
Procedure time, number of applications, radiation exposure and contrast
agent
The total procedure time was defined as the total time between the first puncture
of the femoral vein and the end of the procedure. The following were documented:
(1) The time from the first puncture of the femoral vein to the transseptal puncture;
(2) The total number of cryoballoon applications; (3) The total fluoroscopy time; (4)
The total radiation dose; and (5) The total amount of contrast agent used. We
registered the total amount of contrast used for any kind of image enhancement
and for determination of the grade of occlusion during cryoablation. We therefore
reported contrast usage in both groups for any reason other than visualising the
PVs. In the pulmonary venography group, the amount of contrast agent used for PV
visualisation alone was also registered.
Follow-up
After the intervention, patients were scheduled for four outpatient clinic visits at
1, 3, 6 and 12 months. Antiarrhythmic drugs were withdrawn after a stabilisation
period of 90 days after the initial procedure and post-procedural experienced AF
burden. Prior to the outpatient clinic visits at 3, 6 and 12 months, a 7-day autotriggered event recording was performed using a Vitaphone recorder (Vitaphone
GmbH, Mannheim, Germany)19,20. An episode of AF is defined as an episode of at
least 30 s’ duration.
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Statistical analysis
Results were analysed using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
Independent samples T-test was used for numerical normally distributed data and
the χ2 test was used for categorical variables. P-value <0.05 was considered
statistically significant.

Results
From October 2012 until June 2013, 30 patients were enrolled in the study. Two
patients were excluded because PV isolation could not be completed with the
cryoballoon alone and additional radiofrequency applications during the same
procedure were needed to achieve PV isolation (equal distribution in both groups).
Table 1 shows the baseline characteristics. Mean age was 57.3 ± 8.9 years.
Hypertension was present in six subjects (21.4%). Mean CHADS2-VASc score was 0.8.
Mean corrected left atrial end/diastolic volume was 25.1 ± 7.2 cc/m2. Anticoagulation
was used by nine patients (32.1%) at the time of randomisation. No significant
differences were found between the two operators. Table 2 shows radiation doses
and amounts of contrast. Patients in the contrast pulmonary venography group
received significantly more contrast agent than subjects in the 3D CT overlay group.
Furthermore, patients in the direct fluoroscopy group received more radiation, as
expressed in the DAP-value. There were no differences in fluoroscopy time, number
of cryo applications and total procedure time between the two groups. No
statistical differences were found with p < 0.05 using an intention-to-treat analysis
involving all randomised patients.
Complications
Complications were present in three patients (10.7%). In one patient (direct
fluoroscopy group), the procedure was complicated by permanent vagal nerve
injury, resulting in gastric paralysis. One patient (3D CT overlay group) had transient
gastric paralysis. One patient (direct fluoroscopy group) suffered from transient
right hemidiaphragm paralysis. After the occurrence of vagal nerve injuries, a
thermoprobe (SensiTherm, St. Jude Medical, MN, USA) was introduced in our PV
procedures to monitor oesophageal temperatures during PV isolation, after which
this complication did not longer occur21.
Clinical outcome
At a mean follow-up of 11.9 ± 3.9 months (median 12 months), the success rate
without continuation of antiarrhythmic therapy was 78.6% (22 patients). No
difference in recurrence of AF was detected between 3D CT overlay and the contrast
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Table 1 Baseline characteristics
Variable

P-value

Total

3D CT overlay

Pulmonary
Venography

n = 28

n = 14

n = 14

Age (years)

57.3 ± 8.9

58.2 ± 7.6

56.5 ± 10.3

ns

Gender (male)

20 (71.4%)

9 (64.3%)

11 (78.6%)

ns

CHADS2-VASc score

0.8 ± 1.1

0.7 ± 0.7

0.9 ± 1.4

ns

Hypertension
Smoking

6 (21.4%)
8 (28.6%)

3 (21.4%)
1 (7.1%)

3 (21.4%)
7 (50.0%)

ns
0.011

Diabetes

0 (0%)

0 (0%)

0 (0%)

–

AF family history <65 years

9 (32.1%)

3 (21.4%)

6 (42.9%)

ns

CAD

0 (0%)

0 (0%)

0 (0%)

–

CHF

0 (0.0%)

0 (0.0%)

0 (0.0%)

–

Endurance sports

3 (10.7%)

2 (14.3%)

1 (7.1%)

ns

OSAS

1 (3.6%)

0 (0.0%)

1 (7.1%)

ns

TIA/CVA

1 (3.6%)

0 (0.0%)

1 (7.1%)

ns

Flutter

3 (10.7%)

2 (14.3%)

1 (7.1%)

ns

Anticoagulants

9 (32.1%)

6 (42.9%)

3 (21.4%)

ns

No ECV

1.2 ± 1.9

1.0 ± 1.7

1.4 ± 2.1

ns

BMI
LA volume (cc/m2)

26.8 ± 3.0
25.1 ± 7.2

26.3 ± 2.6
25.1 ± 6.2

27.2 ± 3.4
25.1 ± 8.3

ns
ns

Data are expressed in mean ± SD or absolute number and percentage
AF Atrial fibrillation, CAD Coronary artery disease, CHF Congestive heart failure (Ejection Fraction
<40%), OSAS Obstructive sleep apnoea syndrome, TIA Transient ischaemic attack, CVA Cerebral
vascular attack, ECV Electrical cardioversion, BMI Body mass index, LA Left atrium, NS Not
significant

Table 2 PVI procedure results
Total

3D CT overlay

Pulmonary
Venography

n = 28

n = 14

n = 14

Total Contrast used (cc)

58.6 (±26.9)

40.1 (±17.6)

77.1 (±21.2)

<0.001

– Without PV angio

36.8 (±15.9)

40.1 (±17.6)

33.4 (±13.8)

ns

DAP (Gy.cm )

35.69 (±18.8)

28.41 (±11.7)

43.0 (±21.9)

0.04

Effective dose procedure (mSv)

6.71 (±3.5)

5.34 (±2.2)

8.08 (±4.1)

0.04

Fluoroscopy time (min)

29.4 (±9.8)

28.8 (±11.2)

30.1 (±8.4)

ns

Needle-TSP (min)

16.5 (±8.4)

14.7 (±3.6)

18.2 (±11.3)

ns

Procedure time (min)

110.1 (±28.5)

113.2 (±36.7)

106.9 (±17.8)

ns

Cryo-applications per procedure

9.3 (±2.2)

9.9 (±2.7)

8.7 (±1.3)

ns

Variable

2

P-value

Data are expressed in mean ± SD
PV angio Pulmonary vein angiography, DAP Dose area product, TSP Transseptal puncture, NS Not significant
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group (12 vs 10 p = 0.55). One patient was lost to follow-up. Four patients were
treated in a second procedure using radiofrequency ablation with touch-up of
isolation gaps. Successful isolation of all PVs could not be reached in 1 patient, for
which a successful video-assisted thoracoscopy PV isolation was performed.
Prolonged follow-up for 9.6 ± 3.5 months (median 10 months) showed no recurrence.

Discussion
This study shows the feasibility of 3D CT overlay in PV isolation using the
cryoballoon and demonstrates significantly less radiation and use of contrast in
comparison to contrast pulmonary venography. The use of 3D CT overlay has several
benefits over direct fluoroscopy. As the 3D CT overlay image supplies a 3D
navigation map, manoeuvring and placing the cryoballoon becomes more
straightforward. This has also been demonstrated for 3D transoesophageal
echocardiography11. The relative difference in radiation dose and radiation time can
be explained by the fact that, for cinematographic images of the PV angiograms, a
higher resolution was needed.
Contrast-induced acute kidney injury is an important complication of the use of
iodinated contrast media, which accounts for a significant number of cases of
hospital-acquired acute kidney injury22. As PV isolation is increasingly becoming
standard therapy for patients with AF, it is essential to optimise patient safety. We
realise that a CT scan requires radiation and contrast agent as well. In our study
population, a pre-procedural CT scan was performed on all subjects. The amount of
contrast agent (Visipaque 320) was 80 or 90 cc. Main dose length product of the CT
scan in our study population was 841.3 ± 255.5 mGy.cm. Using the conversion factor
of 0.014 mSv Gy1 cm117, this results in a main effective dose of 11.8 mSv. The
combined effective dose in the 3D CT overlay group is still lower in comparison to
that of the direct fluoroscopy group.
However, ideally the radiation and contrast agent necessary for the CT scan is
avoided as well. This can be done by using a 3D overlay from magnetic resonance
imaging (MRI). Recently, we successfully used a 3D MRI overlay in PV isolation with
the cryoballoon in two patients. Although MRI was not used in this study, it could
replace the CT scan for the 3D overlay and even further reduce total radiation and
contrast dye exposure.
Complications were present in three (10.7%) patients, two minor complications and
one major. In all three cases, the 23-mm balloon was used. Andrade et al.
demonstrated that the smaller balloon is associated with a high incidence of
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phrenic nerve palsy7. We report two cases of vagal nerve injury. Kuwahara et al.
reported peri-oesophageal nerve injury as a complication of PV isolation with
radiofrequency energy in 11/3695 patients23. Recent reports also demonstrate an
increased incidence of oesophageal thermal lesions using the second-generation
28-mm cryoballoon24. We introduced continuous measurement of luminal
oesophageal temperature after this complication, after which no vagal nerve
injuries occurred. The study was terminated prematurely due to a significant
difference in radiation dosage at interim analysis. Therefore, the study was
underpowered with regard to the contrast dosage determined by our initial power
analysis.

Conclusion
The use of 3D CT overlay has several benefits over direct fluoroscopy. As the 3D CT
overlay image supplies a 3D navigation map, manoeuvring and placing the
cryoballoon becomes more straightforward.
The present study shows that the use of 3D CT overlay has the potential to reduce
radiation dose and exposure to contrast dye in cryoballoon-based PV isolation. Even
though the study population is limited, the results show a clear benefit of this
technique. We expect an additional advantage of 3D MRI overlay with respect to
radiation dose. More research into this technique is necessary and will be
effectuated.
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Abstract
Purpose: Aim of the study was to investigate the prevalence and consequences of

incidental findings detected by computed tomography (CT) in different cardiac
populations.
Methods: All consecutive patients in which a pre-procedural CT for pulmonary vein

isolation (PVI) (N=396) or trans aortic valve replacement (TAVR) (N=142) was
performed were included in this single center retrospective study. The CT scans
were analyzed by an experienced radiologist and incidental findings were identified
from the report. Medical records were reviewed to identify the additional diagnostic
procedures or therapies.
Results: A total of 84 incidental findings was found in 79/396 (20%) PVI patients

and 146 in 95/142 (67%) TAVR patients, predominantly vascular findings. Compared
to patients without incidental findings, PVI patients with incidental findings were
significantly older (59.8 SD 8.7 vs. 55.8 SD 10.6 years, p<0.01) and more often had
hypertension (47% vs. 30%, p<0.01), TAVR patients with incidental findings more
often had COPD (26% vs. 11%, p=0.016). A total of 71/396 (18%) PVI patients and 52/142
(37%) TAVR patients had additional diagnostic procedures. In 31/396 (8%) PVI
patients and 9/142 (6%) TAVR patients therapy was initiated because of these
findings.
Conclusions: Incidental findings on the pre-procedural CT scan are common both

in patients undergoing PVI and TAVR screening. Additional diagnostic procedures
are needed in 18% of PVI patients and 37% of TAVR patients, resulting in 8% of PVI
patients and 6% of TAVR patients undergoing therapy. Anxiety could be reduced
by actively informing patients that although the chance of an incidental finding is
present, only a small percentage requires (invasive) therapy.
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Introduction
Pre-procedural computed tomography (CT) facilitates both the pulmonary vein
isolation (PVI) procedure in the treatment of atrial fibrillation and the transcatheter
aortic valve replacement (TAVR) procedure in the treatment of severe aortic
stenosis by providing detailed anatomical information1,2.
In addition to the requested information, incidental findings that identify potential
pathologies may be present on the CT images. Presence of these incidental findings
is very common in both the PVI and TAVR population3–14. However, there is paucity
in recommendations on the required clinical consequences of incidental findings
in these populations.
As a result of the improvement of imaging resolutions and the growing number of
PVI and TAVR procedures performed, the prevalence of incidental findings
increases. Therefore recommendations on how to manage incidental findings
becomes more and more essential. This study aims to contribute to these
recommendations by assessment of the implications of incidental findings.
Therefore we investigated both prevalence and subsequent consequences of
incidental findings detected by CT in both a PVI and TAVR population.

Methods
Study Population
All consecutive patients in which a pre-procedural CT for PVI or TAVR was performed
between December 2012 and December 2015 at the Medisch Spectrum Twente
(Enschede, the Netherlands) were included in this single center retrospective study.
In all patients accepted for TAVR, transoesophegeal echocardiography and coronary
angiography have been performed as a part of the TAVR screening. Need for
informed consent for this retrospective study was waived by the medical ethical
committee and this study complies with the Declaration of Helsinki.
Cardiac CT PVI protocol
Image acquisition by cardiac CT angiography was performed on a 64 detector
Toshiba Aquilion CT scanner (Toshiba Medical Systems, Tokyo, Japan). CT scanning
was synchronized with the electrocardiogram if possible (76% of PVI patients).
Parameters were field of view (FOV) 500 mm, 120 kV, 300 mAs (automatically
adjusted to the cardiac cycle); typically at 75% of the cardiac cycle. Acquisition was
performed using a slice thickness of 0.5mm and slice interval 0.3 mm. Breath hold
was practiced before scanning combined with the ECG. During the CT a bolus of
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80mL iodinated contrast agent (Visipaque 320 mg I/mL) was injected at the
antecubital vein at a speed of 3mL/s followed by saline chaser of 20mL. The chaser
is used to make sure the total amount of injected contrast circulates as an entire
bolus through the heart. In this way the best contrast opacification is obtained
with the lowest possible amount of contrast agent. Bolus tracking was performed
until a region of interest (ROI) of >170 Hounsfield Units was measured in the left
atrium.
Cardiac CT TAVR protocol
Image acquisition by cardiac CT angiography was performed on a 64 detector
Toshiba Aquilion CT scanner (Toshiba Medical Systems, Tokyo, Japan). Scan
parameters were FOV 500mm, 120 kV. Body mass and weight-adjusted mAs was
typically around 200-300mAs. The scanogram was made from the aortic knob until
below the trochanter minor with a second point of interest from the aortic knob
until the level of the diaphragm to scan the heart and thoracic aorta. This cardiac
CT was also retrospectively synchronized with the electrocardiogram at 75% of the
cardiac cycle. Slice thickness and slice interval were 0.5mm and 0.3mm. Bolus
tracking was performed to reach a ROI >170 Hounsfield Units afterwards the cardiac
CT was made, directly followed by a CT abdominal aorta from the diaphragm until
the trochanter minor. Since the longer scanning distance a 90mL contrast agent at
3mL/s was used, followed by 20mL saline chaser.
Analysis for incidental findings
The cardiac CT scan was analyzed by an experienced radiologist for incidental
findings in the 2D axial images using Window Width (W) and Window Center (C).
These settings were lung windows (1600W/-650C); mediastinal windows (350W/65C)
and bone windows (2000W/400C) for PVI scans. For TAVR scans an additional liver
window (170W/120C) was used. Coronary calcifications were judged for severity as
described by Shemesh et al. by an experienced cardiologist15. Briefly, high Shemesh
calcification scores correspond with increased presence of calcifications.
Incidental findings and consequences
We defined incidental findings from the radiology report as those not previously
identified and potentially requiring either additional diagnostic evaluation or
treatment. Incidental findings were followed up and treated according to the
applicable guidelines. If no guideline was available they were treated according to
clinical judgement. Specifically nodules in the lung were followed up according to
the recommendations of the Fleisher society and renal cysts according to the
Bosniak classification16–18. Incidental findings with distinctive benign signs were not
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Table 1 Baseline characteristics PVI patients (n=396)
Patient characteristics

Incidental finding (n=79)

No incidental finding (n=317)

Age (years)

59.8 ± 8.7

55.8 ± 10.6

P
0.002

Male

53 (67%)

212 (67%)

0.972

BMI

26.7 ± 3.1

26.9 ± 3.7

0.797

Paroxysmal AF
Hypertension

65 (82%)
37 (47%)

273 (86%)
95 (30%)

0.389

Diabetes mellitus

4 (5%)

12 (4%)

0.607

Prior CAD

5 (6%)

23 (7%)

0.774

Prior TIA

2 (3%)

11 (5%)

0.676

Prior CVA

2 (3%)

5 (2%)

0.566

COPD

5 (6%)

8 (3%)

0.194

LAVI (cc/m )*

30.3 ± 8.3

28.2 ± 8.5

0.097

CHA2DS2VASc

1.35 ± 1.05

1.12 ± 1.08

0.081

2

0.004

Values are n (%) or mean ± SD (Standard deviation). *Available in 285 patients. Abbreviations: BMI; body
mass index, AF; atrial fibrillation, CAD; coronary artery disease, TIA; transient ischemic attack, CVA; cerebro
vascular accident, COPD; chronic obstructive pulmonary disease, LAVI; left atrial volume index.

Table 2 Baseline characteristics TAVR patients (n=142)
Patient characteristics

Incidental finding (n=95)

No incidental finding (n=47)

P

Age (years)

81.6 ± 5.9

83.2 ± 4.5

0.098

Male

38 (40%)

16 (34%)

0.495

BMI

27.9 ± 5.0

28.1 ± 4.2

0.737

Hypertension

48 (51%)

31 (66%)

0.079

Dyslipidemia

59 (62%)

26 (55%)

0.441

Diabetes mellitus

26 (27%)

15 (32%)

0.577

Prior myocardial infarction 11 (12%)

7 (15%)

0.580

Prior PCI

25 (26%)

13 (28%)

0.866

Prior CABG
Prior valve surgery

20 (21%)
3 (3%)

5 (11%)
4 (9%)

0.095
0.238

Prior TIA

12 (13%)

5 (11%)

0.733

Prior CVA

11 (12%)

9 (19%)

0.260

COPD

25 (26%)

5 (11%)

0.016

NYHA class

2.54 ± 0.65

2.32 ± 0.78

0.082

Atrial fibrillation

41 (43%)

17 (36%)

0.429

Log Euroscore I

16.8 ± 8.2

15.1 ± 8.8

0.256

Log Euroscore II

4.4 ± 3.6

3.7 ± 2.8

0.220

LVEF >50%

66 (70%)

38 (81%)

0.132

LVEF 30%-50%

24 (25%)

8 (17%)

0.250

LVEF <30%

5 (5%)

1( 2%)

0.386

Peak gradient (mmHg)

70.7 ± 21.2

71.0 ± 23.4

0.943

Aortic valve area (cm )

0.77 ± 0.24

0.77 ± 0.18

0.942

2
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Values are n (%) or mean ± SD (Standard deviation). Abbreviations: BMI; body mass index, PCI; percutaneous
coronary intervention, CABG; coronary artery bypass grafting, TIA; transient ischemic attack, CVA; cerebro
vascular accident, COPD; chronic obstructive pulmonary disease, NYHA; New York Heart Association, LVEF;
left ventricular ejection fraction.

followed up to avoid unnecessary investigations or radiation exposure.
Consequences of incidental findings were identified from the electronic patient
files and survival was checked in the hospitals’ central database.
Statistical Analysis
All variables are reported as mean with SD (standard deviation) unless stated
otherwise. Continuous variables were compared with either Student’s T-test in case
of normal distribution or Wilcoxon rank-sum test in case of non-normal
distribution. Qualitative variables are presented as numbers and proportions and
were compared using Fisher’s exact test. A two-sided p value of <0.05 is considered
statistically significant. Survival was calculated using a Kaplan Meyer curve and
log-rank test. Statistical analysis was performed using IBM SPSS Statistics version
22.0.

Results
Patient characteristics
In 538 patients (396 PVI and 142 TAVR patients) a pre-procedural cardiac CT was
performed during the study period. Mean follow up was 14.0 ± 8.3 months in PVI
and 7.2 ± 7.9 months in TAVR patients. Baseline characteristics of PVI and TAVR
patients, grouped by the presence or absence of incidental findings, are shown in
Tables 1 and 2.
Consequences of incidental findings in PVI patients
Incidental findings in PVI patients, additional diagnostic procedures and/or
therapeutic consequences are shown in Table 3. 84 incidental findings were found
in 79/396 (20%) PVI patients. The group with incidental findings was significantly
older (59.8 ± 8.7 vs. 55.8 ± 10.6 years, p<0.01) and there was a significantly higher
incidence of hypertension (47% vs. 30%, p<0.01) when compared to the group
without. In 71/396 (18%) patients 81 additional diagnostic procedures were
performed, most of them being additional CTs or coronary angiographies. Outcomes
of 31/81 (38%) additional diagnostic procedures led to therapeutic consequences in
31/396 (8%) patients. In 23/396 (6%) patients therapeutic consequences consisted of
medication or lifestyle therapy.
Additional coronary angiography led to invasive therapeutic consequences in 2
patients. In these two patients with a total Shemesh calcification score of 8 and 12
respectively a PCI and CABG combined with a maze procedure were performed. Both
patients were asymptomatic at time of the primary CT. All other additional coronary
angiographies led to noninvasive therapeutic consequences like initiation of
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Table 3 Incidental findings in PVI patients (n=396)
Pathology

n

Diagnostic procedure (n)

Therapy (n)

Therapy type (n)

30 n/a (9)
MIBI-scan (5)
CAG (16)
Thoracic aortic dilatation 8 TTE or CT (8)
LAA trombus
2 TEE (2)

25
0
2

Medication/lifestyle (23)
PCI (1)
CABG/MAZE (1)
Conservative
OAC (2)

Signs of PHT

1

TTE (1)

0

Conservative

Pericardial fluid

1

TEE (1)

0

Conservative

ASD

1

Catheterisation (1)

0

Conservative

Left isomerism

1

CT (1)

1

VATS-PVI (1)

Abbarant CA

1

CT (1)

1

Cardiac surgery (1)

Nodules <4mm

1

CT (1)

0

Conservative

Nodules 4-6mm

14 CT (17)

1

Metastatic disease (1)

Nodules 6-8mm

4

CT, PET/CT (4)

0

Conservative

Nodules >8mm

3

CT, PET/CT (4)

0

Conservative

Lymphadenopathy

7

Conservative

Undetermined lesion

5

Interstitual lung disease 1

CT, PET/CT (5)
0
Biopsy (3)
MRI (2)
CT, PET/CT (4)
1
CT planned, not performed
due to endocarditis (1)
Lung function testing (1)
0

Bronchiolitis

1

Lung function testing (1)

0

Conservative

Elevated hemidiafragm

1

X-thorax (1)

0

Conservative

Oesophegeal structure

1

Endo/echo (1)

0

Conservative

Liver lesion

1

Echo (1)

0

Conservative

Total

84

Vascular
Coronary calcifications

Pulmonary

Lobectomy (1)
Conservative

Other

31

Abbreviations: LAA; left atrial appendage, PHT; pulmonary hypertension, ASD; Atrial septal defect, CA;
coronary artery, MIBI; Methoxy Isobutyl Isonitrile, CAG; coronary angiogram, TTE; transthoracal
echocardiogram, CT; computed tomography, TEE; transoesophegeal echocardiogram, PET/CT; Positron
emission tomography–computed tomography, CABG; coronary artery bypass grafting.
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medication, predominantly statin treatment, and recommendations for lifestyle
changes. Mean Shemesh calcification score in this noninvasive therapeutic
consequences group was 2.7 ± 2.3.
None of the additional CTs showed primary lung carcinoma. In one patient the
additional CT led to the diagnosis of metastasized prostate cancer. In one patient
tissue analysis showed bronchiectasis with inflammatory changes of the cystic
type mimicking lung carcinoma and therefore a lobectomy was performed. In 8
patients a dilation of the aorta between 37mm-41mm was found, this dilation was
not present on earlier echocardiograms. Cardiac surgery because of malignant
coronary artery course was performed in one patient.
Consequences of incidental findings in TAVR patients
Incidental findings in TAVR patients, additional diagnostic procedures and/or
therapeutic consequences are shown in Table 4. 146 incidental findings were found
in 95/142 (67%) TAVR patients. In the TAVR patients, there was a significantly higher
incidence of chronic obstructive pulmonary disease (COPD) in the group with
incidental finding (26% vs. 11%, p=0.016). Additional diagnostic procedures were
performed in 52/142 (37%) TAVR patients, being 55% of TAVR patients with incidental
findings. In 9/52 (17%) patients additional diagnostic procedures led to therapeutic
consequences.
In 6 patients (4.2%) additional diagnostic procedures showed malignancies, all
treated successfully with surgery. Several incidental findings led to delay or
cancellation of TAVR, predominantly findings of lesions that were suspected for
malignancy. Delay to TAVR was significantly longer (54.8 ± 39.1 vs. 30.5 ± 25.9 days,
p=0.014) in patients with incidental findings when compared to those without.
There was no significant difference in death of all causes during follow-up between
patients with and without incidental findings (p=0.800).
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Table 4 Incidental findings in TAVR patients (n=142)
Incidental finding

n

Diagnosis and treatment (n)

Abdominal aortic dilatation

17

Thoracic aortic dilatation
Signs of decompensation

7
12

Conservative (15)
Endoprosthesis (1)
Unknown (1)
Conservative (7)
Conservative (12)

Vascular

Signs of pulmonary hypertension 11

Conservative (11)

LAA thrombus

2

Aortic thrombus/plaque

2

True thrombus, already OAC (1)
TEE negative (1)
Conservative (2)

Subclavian art
aneurysm/thrombus
Pulmonary embolism

1

Conservative (1)

1

Embolism treated with OAC (1)

Aneurysm artery gastro-epiploica 1

Small aneurysm, conservative (1)

Pulmonary
Lymphadenopathy

9

Conservative (8)
Sarcoidosis, conservative (1)
Conservative/pending FU (7)
Sarcoidosis, conservative (1)
PET/CT negative lesion (1)
Unrelated death before FU (1)
Conservative/pending FU (3)

Nodules 4-6mm

10

Nodules 6-8mm

3

Nodules >8mm

5

Bronchiolitis

3

Lung carcinoma, surgery (1)
Metastasis colon carcinoma, surgery (1)
Wegener, conservative (1)
Sarcoidosis, conservative (1)
Unknown (1)
Conservative (3)

Lung fibrosis (severe)

3

Conservative (3)

Pneumonia

3

Conservative (3)

Lesion pancreas

9

Liver lesion

7

Oesophagus wall thickening

2

Oesophagus diverticulum
Lymfeadenopathy

1
1

Conservative (7)
Adenocarcinoma, surgery (1)
Neuroendocrine tumor, laparoscopic resection after
TAVR (1)
Cyst, conservative (6)
Unknown (1)
Normal gastroscopy (1)
Unknown (1)
Conservative (1)
Normal gastroscopy, conservative (1)

Colon wall thickening

1

Conservative (1)

Gastrointestinal
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Sigmoid lesion

1

Non-malignant polyp, polypectomy (1)

Megasigmoid

1

Conservative (1)

Intrathoracic stomach

3

Conservative (3)

Galbladder anomaly

2

Unknown (2)

Uterus lesion

3

Ovarian cyst

2

Uterus myomatosus, conservative (2)
Polyp, conservative (2)
Conservative (2)

Endometrium carcinoma

1

Endometrium carcinoma, laparoscopic hysterectomy (1)

Adnex leasion

1

Dermoid cyst, conservative (1)

Renal artery origostenosis

2

Conservative (2)

Renal cyst ≥Bosniak 2F

2

Conservative (2)

Renal infarction

2

Conservative (2)

Adrenal gland node/enlargement

5

Urine bladder thickening

2

Adenoma, conservative (2)
PET/CT negative, conservative (1)
Incidentaloma eci, conservative (2)
Malignancy, surgery (1)
Normal cystoscopy, conservative (1)

Gynaecological

Renal / Bladder

Other
Multinodular struma

3

Conservative (3)

Spine fractures

2

Conservative (2)

Lesion groin eci

1

Unknown (1)

Gynecomastia

1

Unknown (1)

Spleen lesion

1

Unknown (1)

Total

146

Abbreviations: TAVR; trans aortic valve replacement LAA; left atrial appendage, OAC; oral anticoagulation, TEE;
transoesophegeal echocardiogram, PET/CT; Positron emission tomography–computed tomography, CABG;
coronary artery bypass grafting.
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Discussion
With increasing numbers of PVI and TAVR being performed, the prevalence and
subsequent consequences of incidental findings on CT are of increasing
importance. This study showed that incidental findings were present in 20% of PVI
patients and 67% of TAVR patients. Incidental findings are more likely in PVI
patients with higher age or hypertension and TAVR patients with COPD. 8% of PVI
patients and 6% of TAVR patients required treatment because of the incidental
findings. As expected, the rate of incidental findings was lower in PVI patients when
compared to TAVR patients due to perceived lower risk profile, significantly younger
patients and smaller FOV scanned. Several other studies evaluating incidental CT
findings reported a broad range of 23-69% incidental findings in PVI patients3,4,7–9
and 17-58% in TAVR patients5,6,10–14. A higher prevalence of incidental findings in our
TAVR patients group, compared to literature, might be due to a broad inclusion of
several vascular findings in our study. Hussien et al. found 58% incidental findings
in preprocedural CTs of TAVR patients, but did not analyze the abdomen in their
study, which might have underestimated the prevalence14.
Consequences of incidental findings
Although the prevalence of incidental findings was high, the findings differed in
terms of impact. Consequences ranged from incidental findings needing direct
treatment, such as malignant carcinomas, to those requiring follow-up or which
are of unknown significance without additional investigations. We expect the last
category to become of incremental importance with the increasing number of
imaging techniques being utilized in clinical practice. Beyond medical indicated
imaging, patients nowadays have access to commercial full body scanning
techniques. Obuchowski et al. conducted a pilot randomized controlled trial of total
body screening in asymptomatic subjects and found 64% abnormal findings
requiring further evaluation, but a vast minority of them requiring treatment19.
There is an open debate regarding the detrimental and beneficial effects of
recognizing incidental findings in CT scans. On one hand there are uncertain clinical
benefits, increased costs and radiation exposure associated with follow-up
diagnostic procedures and induced anxiety for the patients. On the other hand,
early detection of pathology could allow early treatment and potentially save lives.
In a related field, The American Expert Consensus Document on Coronary Computed
Tomographic Angiography also states that this is an area without consensus20.
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Coronary calcifications in PVI patients
Coronary calcifications were prevalent in a vast amount of PVI patients; however
no formal Agatston coronary calcium scoring was performed due to the nature of
the scanning technique. Visual scoring of coronary calcium revealed that patients
with atrial fibrillation indeed have subclinical coronary artery disease on CT more
often when compared to controls21. They also develop cardiovascular disease more
often, at a younger age and in more severe forms22.
Treatment of incidental findings
We found that 8% of PVI patients and 6% of TAVR patients underwent treatment
during limited follow-up. An even smaller amount of 2% of PVI required invasive
therapy. So, anxiety could be reduced by actively informing patients that although
the chance of an incidental finding is present, only a small percentage requires
(invasive) therapy. The treatment during follow-up included a 4.2% incidence in
treatment of newly discovered malignancies in TAVR patients, similar to that
reported in studies by Ben Dor et al and Gufler et al5,10. Detrimental effect of an
incidental finding was found in one PVI patient that underwent lobectomy because
of pathology mimicking lung cancer. On the other hand, metastasis of a previously
unknown cancer was also discovered in one PVI patient that underwent subsequent
treatment. In TAVR patients there is conflicting evidence regarding the presence of
incidental findings and overall outcome as well as mortality12,13,23. We found no
association of incidental findings with death of all causes in our population.
However, several findings delayed the TAVR procedure or required treatment.
Limitations
We recognize our study has limitations because of the retrospective design.
Although follow-up was limited, we found that a significant percentage of
incidental findings required treatment or altered scheduled treatment.

Conclusion
Incidental findings on the pre-procedural CT scan are common both in patients
undergoing PVI and TAVR screening. Additional diagnostic procedures were needed
in 18% of PVI patients and 37% of TAVR patients, resulting in therapeutic
consequences in 8% of PVI patients and 6% of TAVR patients. Anxiety could be
reduced by actively informing patients that although the chance of an incidental
finding is present, only a small percentage requires (invasive) therapy.
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Summary
Over the past decade, cryoballoon therapy has evolved into a well-recognized and
recommended ablation method to perform pulmonary vein isolation (PVI) in the
treatment of atrial fibrillation (AF)1. This thesis describes the search for a balance
between safety and efficacy in cryoballoon PVI and focusses primarily on the
improvement of safety aspects. In the early stage of cryoballoon PVI, the main goal
of cryoballoon ablation was to reach similar outcomes compared to the traditional
“gold standard” point by point radiofrequency (RF) ablation. The safety aspect was
not mentioned regularly in global research. Over the last years, the paradigm has
shifted. After the introduction of the second-generation cryoballoon and the proven
non-inferiority to RF ablation, more attention was pointed to the safety aspect.
During the years in which the research of this dissertation was performed, the
number of studies on safety aspects showed a sharp increase.
There are multiple safety aspects to focus on in RF as well as cryoballoon PVI. The
most important complications in RF and cryoballoon PVI have been pulmonary vein
(PV) stenosis, thrombi and (silent) stroke, tamponade and damage to surrounding
tissues. Due to the large diversity in study results, there is no global consensus on
precaution measures impeding more rare complications. At this moment the main
safety issue in cryoballoon PVI is damage in surrounding tissues due to the
dispersion of cryothermal energy. A broad range of safety measures is available to
prevent this extra-cardiac damage. Monitoring of critical structures both by
compound motor action potentials and measurement of oesophageal temperature
(OT) can enhance the safety profile of the procedure. Despite the fact that such
precautions are available they are certainly not widely used. Conclusive studies are
needed to integrate additional safety measures as part of the standard ablation
procedure. Limiting the amount of RF- and cryoenergy while maintaining efficacy
is subject of ongoing investigation2. (Chapter 2)
Dosing
With the aim to reduce extra-cardiac damage without affecting treatment efficacy,
the dosing of cryoenergy became critically important. Historically, 4-minute
applications with a bonus application after isolation was the standard for the firstgeneration cryoballoon3. The use of single and shorter applications as well as
omitting bonus applications after successful isolation have been explored4–8.
Protocols with shorter ablation duration have shown encouraging results4,5,9.
However, this has mainly been demonstrated retrospectively and the optimal
cryoballoon duration and dosing strategy are still subject of debate.
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The 123-study was the first to compare standard to new dosing protocols
prospectively in a randomized fashion. Results showed that a shortened application
duration protocol of medium duration does not reduce acute isolation success
compared to the historical standard. Shorter cryoballoon application duration did
significantly reduce acute success for the left, but not for the right, PVs. In addition,
phrenic nerve injury (PNI) decreased as a result of a reduction of the application
duration for the right PVs to less than 2 min. (Chapter 3)
Although long-term success was slightly reduced with shortened application
duration, no inferiority was proven. PV analysis showed that reduction was mainly
present in the left PVs, although again no inferiority was proven. For the right
superior PV, shorter cryoballoon applications (<2 minutes) did not affect PV
reconduction while resulting in less PNI. (Chapter 3 and 4)
Monitoring
Monitoring of critical structures can be used to alarm the operating physician for
imminent extra-cardiac damage. It enables the operator to prematurely cease
ablation applications to prevent complications. For example, damage to the
oesophagus and the vagal nerve could be prevented by monitoring the OT.
OT-based guidance of cryoballoon PVI has shown a significant reduction of thermal
oesophageal lesions. Interrupting applications at an OT of 15°C has been suggested
to prevent oesophageal injury10. In Chapter 5 we demonstrated that low OTs emerge
on a regular base in clinical practice. A quarter of the patients show OTs below
20°C, with half of those even below 16°C. Without oesophageal monitoring this
would not be noticed. Since symptoms of oesophageal and vagal damage are
usually not linked to a cardiac procedure by the patients, these complications are
not always attributed to this procedure and might be under-reported.
Balloon temperature is often used as a surrogate metric for low temperatures in
the oesophagus and adjacent structures. However, the results in Chapter 5 showed
no clinically significant correlation between minimum balloon temperature and the
lowest measured OT. This is in accordance with earlier reports on this subject10,11.
Predicting
Besides dosing and monitoring, imaging is also an important tool to guide PVI
procedures. The ability to identify patients at risk enables operators to take
precautions for a specific subset of patients. Imaging can be used to make such
predictions. For example, the oesophagus to PV (OP) distance as determined on
computed tomography (CT) was shown to be such a predictor. A cut-off value for
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an OP distance of 19mm showed a 96.2% sensitivity and a 37.8% specificity for
predicting low OTs. As an OP distance of <19mm for any PV was present in all
patients, we recommend routine OT measurement in all patients during cryoballoon
therapy to prevent oesophageal related complications. (Chapter 5)
When using imaging as a guiding tool during PVI procedures, it was shown that
the use of 3D CT overlay has several benefits over direct fluoroscopy. As the 3D CT
overlay image supplies a 3D navigation map, manoeuvring and placing the
cryoballoon becomes more straightforward. (Chapter 6) Even though the study
population was limited, the study showed that the use of 3D CT overlay has the
potential to reduce radiation dose and exposure to contrast dye in cryoballoonbased PVI. Additional advantage of 3D magnetic resonance imaging (MRI) overlay
with respect to radiation dose is to be expected.
So pre-procedural CT scans provide detailed anatomical information which can be
used before as well as during the procedure. However, incidental findings that
identify potential pathologies may be revealed on pre-procedural CT scans. In both
the PVI and transcatheter aortic valve replacement population presence of these
incidental findings is very common12–23. This was confirmed by the results presented
in Chapter 7. Furthermore, Chapter 7 contributes to the ongoing debate regarding
the beneficial and adverse effects of recognizing incidental findings. Early
detection of pathology potentially enables early treatment but simultaneously
results in increased costs, increased radiation exposure and possible anxiety for
the patient. Based on Chapter 7 anxiety could be reduced by actively informing
patients that although the chance of an incidental finding is present, only a small
percentage requires therapy. Merely alterations in choices or scheduling could be
made due to the gained knowledge.
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Conclusion and future perspectives
Both efficacy, determined by electrical isolation, and safety, determined by energy
dispersion, are a function of numerous factors. Dosing and monitoring strategies
are an endeavour to manage these factors. However, the number of interacting
factors is such that no single set of numbers or values can be used as a guide for
cryoballoon PVI in general.
Unfortunately, all dosing and monitoring parameters available are substitutes for
determining the efficacy as well as the safety of the procedure. The main parameter
of interest should be transmurality of the ablation energy and the creation of a
durable (permanent) lesion. To achieve isolation the energy should reach the
epicardium of the atrial wall while to prevent complications the energy should not
disperse beyond the epicardium of the heart. Therefore the key focus should be on
changing from substitute to direct and real-time measurement of lesion creation.
Direct and real-time measurement of the freeze zone would provide the operator
with direct feedback on lesion and collateral damage formation. Real-time
measurement of this crucial parameter would not only enable a PV or patienttailored approach but even an application tailored approach.
In terms of dosing a first and promising step towards relatively direct measurement
was made by adjusting application time to the time to isolation (TTI) of the PV. TTI
facilitates addressing every patient and PV uniquely but still does not visualize
transmurality itself and it lacks information on the surrounding structures.
The development of the 3rd and 4th generation cryoballoon was mainly focussed on
direct measurement of the PV potentials and TTI. Unfortunately, TTI still cannot be
measured in every PV. Main reason is that the Achieve catheter is not only used
for mapping but also as a guidewire to stabilize the balloon position. This involves
advancement of the Achieve catheter past the myocardial sleeves, distal into the
PV, thereby obscuring PV potentials. To overcome this problem the design of the
Achieve mapping catheter could be improved by creating a wire which can be
advanced distally with electrodes that can move independently from the wire
(Figure 1). This enables proximal PV potential measurement while stabilizing the
balloon distally.
Real-time imaging can be seen as the main opportunity towards an even more
direct measurement of transmurality and the extent to which surrounding tissues
are reached. Real-time visualisation of ablation related tissue changes using MRI
already showed promising results in canine studies 24. As tissue freezes its MRI
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Figure 1 Possible design of the next generation cryoballoon including a wire (black in this
figure) which can be advanced distally (bottom panel) with electrodes that can move
independently from the wire. This enables proximal PV potential measurement while
stabilizing the balloon distally. (Adapted from figures provided by Medtronic Inc.)
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signal diminishes and therefore real-time MRI was shown to successfully visualize
the freeze zone, creating a direct measure of effective cooling and ice formation in
cardiac and non-cardiac structures.
Historically cryoballoon PVI has seen a fast introduction in clinical practice, merely
because of the high efficacy and the straightforward procedure. Optimization
efforts in cryoballoon, besides the introduction of the improved balloon,
predominantly involved empirical proof by trial and error testing of arbitrarily
chosen dosing times.
Therefore it would be of interest to go back to bench-testing now, towards a modelbased assessment of thermodynamic properties of cryoablation. Giaretto recently
showed that the efficiency of ablation changes with variations in subtracted heat
flux25. Despite the very encouraging results of that study, creating a reliable model
in bench-testing has shown, underlined by our first-hand experiences, to be
challenging (Figure 2-4). Even while using an open-box setting there are still
numerous influences complicating the creation of a simplified model and the
generation of reliable and reproducible results. Therefore it would be very
interesting to see a study on ice-formation and propagation in which tech and
health experts would join forces.
Predictors to improve safety have not been studied as thoroughly as markers to
improve efficacy. Moreover, the safety aspect has been studied and managed
mainly clinically. Knowledge of the biological effect of cryoenergy is lacking while
excessive energy delivery is the crucial cause of all main complications in
cryoballoon PVI. Therefore a better understanding of thermal behaviour and
biophysical properties affecting ice formation and propagation is of key importance
in improving the safety aspect. It would enable modelling for differentiated
protocol analysis and could predict how to reach the optimal effect of cryoballoon
PVI or which biophysical parameters can be used intra-procedurally.
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Figure 2 Schematic overview of the model used to perform the bench testing at the University
of Twente. The atrium, its wall and its surrounding tissues were modelled as two 0.9% NaCl
solutions of 37˚C with a slice of tissue in between. The surrounding of the atrium was
represented by a solution without flow, the atrium cavity was represented by the same
solution but with flow Q. The tissue was clamped to the walls of the model to ensure there is
no contact between the two solutions. Using a cryotip ablation catheter two cycles of
ablation were performed. The internal and external icecap created by the ablation in the
“atrium” and in the “surrounding” was measured visually using a grid (light intensity, echo
and temperature camera measurements failed).
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Figure 3 Detailed view of one of the models, without the grid attached. A large “internal”
icecap, surrounding the catheter, and a small “external” icecap, at the bottom side of the
tissue can be distinguished.

Figure 4 Bench-testing model as used with a. the tube in which a pulsatile flow of 37 ˚C ran,
b. a wooden frame, to prevent interference with conduction properties, for catheter fixation, c.
a temperature sensor, in the “cardiac surrounding” area, d. the grid for measuring the ice-cap
diameters and e. the borders on which the tissue was installed (no tissue in place)
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Nederlandse samenvatting
Ablatie door middel van cryoballon therapie heeft zich in het afgelopen decennia
ontwikkeld tot een gevestigde en aanbevolen methode voor het uitvoeren van
pulmonaal venen isolatie (PVI) in het kader van de behandeling van
atriumfibrilleren (AF)1. In dit proefschrift wordt de zoektocht naar een balans tussen
veiligheid en effectiviteit van cryoballon PVI beschreven en wordt primair gefocust
op de mogelijke verbeteringen van het veiligheidsaspect.
In eerste instantie zijn ontwikkelingen en studies met betrekking tot cryoballon PVI
voornamelijk gericht geweest op de effectiviteit. Er werd in eerste instantie veel
aandacht gericht op het behalen van resultaten die vergelijkbaar waren met de
klassieke “gouden standaard” radiofrequente (RF) ablatie. Toentertijd was het
veiligheidsaspect een niet vaak genoemd onderwerp in wereldwijd onderzoek. De
afgelopen jaren is de focus verlegd. Na de introductie van de tweede generatie
cryoballon en nadat de non-inferioriteit ten opzicht van RF ablatie bewezen werd
kwam het veiligheidsaspect meer voor het voetlicht. Gedurende de jaren waarin het
onderzoek uit dit proefschrift uitgevoerd is, was er een flinke stijging waar te
nemen in het aantal studies dat het veiligheidsaspect behandelde.
In zowel RF als cryoballon PVI zijn er verscheidene veiligheidsaspecten om rekening
mee te houden. De belangrijkste complicaties van beide methoden waren historisch
gezien pulmonaal venen (PV) stenosis, thrombusvorming en (stille)
cerebrovasculaire accidenten, tamponade en schade aan omliggende weefsels. Om
schade aan omliggende weefsels te voorkomen is er een verscheidenheid aan
veiligheidsmaatregelen beschikbaar. Het veiligheidsprofiel van de procedure kan
verbeterd worden door belangrijke structuren te monitoren, bijvoorbeeld door het
meten van compound motor actie potentialen en oesophagus temperatuur. Het feit
dat deze voorzorgsmaatregelen beschikbaar zijn betekent echter niet dat ze alom
gebruikt worden. Er is behoefte aan conclusieve studies om deze extra
voorzorgsmaatregelen als standaard te integreren in reguliere ablatie procedures.
Het beperken van de toegediende RF of cryo energie met behoud van de
effectiviteit is een focus van momenteel lopend onderzoek2. (Hoofdstuk 2)
Dosering
Het doseren van cryo energie is een belangrijk focus geworden in pogingen om
extra-cardiale schade te verminderen zonder de effectiviteit van de behandeling te
beïnvloeden. Historisch gezien zijn meerdere applicaties van 4 minuten, inclusief
bonus applicatie na isolatie, de standaarddosering geweest voor cryoballon PVI
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met de eerste generatie cryoballon3. Het gebruik van een enkele alsook kortere
applicaties is onderzocht, net als het afzien van bonus applicaties na succesvolle
isolatie4–8. Protocollen waarin kortere applicatietijden gebruikt worden hebben
veelbelovende resultaten laten zien4,5,9. Dit waren echter voornamelijk
retrospectieve studies en zodoende zijn de optimale cryoballon applicatietijd en
dosering strategie nog steeds onderwerp van discussie.
De 123-studie was de eerste gerandomiseerde studie waarin een vergelijking tussen
standaard en nieuwe dosering strategieën gemaakt werd. Deze studie liet zien dat
er geen (acuut) verschil was wanneer de applicatieduur verkort werd ten opzichte
van de historische standaarden, tot applicatie tijden van gemiddelde duur. Kortere
applicatietijden hadden een significant negatief effect op het acute succes van de
linker maar niet van de rechter PVs. Bovendien resulteerde de verkorting van de
applicatieduur tot korter dan twee minuten in een vermindering van nervus
phrenicus letsel. (Hoofdstuk 3)
Hoewel er een licht negatief effect op het lange termijn succes waar te nemen was,
was er geen bewijs voor inferioriteit voor deze kortere applicatieduur. Voor de
rechter bovenste PV geldt dat kortere cryoballon applicaties (<2 minuten) geen
effect hadden op de reconductie terwijl er minder nervus phrenicus letsel optrad.
(Hoofdstuk 3 en 4)
Monitoring
Om de operateur te alarmeren bij dreigende extra-cardiale schade kan er gebruik
gemaakt worden van monitoring van kwetsbare weefsels. Op deze manier wordt de
operateur in staat gesteld om tijdig de applicatie te onderbreken en op die manier
complicaties te voorkomen. Het monitoren van de oesophagus temperatuur kan
bijvoorbeeld gebruikt worden om schade aan de oesophagus en de nervus vagus te
voorkomen.
Het gebruik van oesophagus temperatuur monitoring tijdens cryoballon PVI zorgt
voor een significante vermindering in temperatuur gerelateerde oesophagus
laesies. Om oesophagus letsel te voorkomen wordt aangeraden om applicaties te
onderbreken bij een temperatuur van 15°C10. In Hoofdstuk 5 laten we zien dat lage
oesophagus temperaturen zeer regelmatig voorkomen in de reguliere klinische
praktijk. In een kwart van de patiënten werden oesophagus temperaturen onder de
20°C gemeten, in de helft daarvan daalde de temperatuur zelfs tot onder de 16°C.
Zonder oesophagus temperatuur monitoring zouden deze lage temperaturen
onopgemerkt zijn gebleven. Oesophagus schade en schade aan de nervus vagus
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zorgen voor symptomen die door patiënten niet altijd aan cardiale procedures
gerelateerd worden. Zodoende is het zeer wel mogelijk dat deze schade onder
gerapporteerd blijft.
Als surrogaat voor het meten van de oesophagus temperatuur wordt er vaak
gebruik gemaakt van de ballon temperatuur. De resultaten in Hoofdstuk 5 laten
echter zien dat er geen klinisch significante correlatie te vinden is tussen de
minimale ballon temperatuur en de laagst gemeten oesophagus temperatuur. Dit
is conform eerdere studies naar dit onderwerp10,11.
Voorspellers
Naast doseren en monitoren is beeldvorming ook een belangrijk instrument om PVI
procedures te ondersteunen. Beeldvorming kan gebruikt worden voor het
aanmerken van patiënten die tot een risicogroep behoren. Door dit voorafgaand
aan de procedure te doen kunnen er in deze groep extra voorzorgsmaatregelen
getroffen worden. De afstand van oesophagus tot PV op computed tomography (CT)
beelden is een dergelijke voorspeller van verhoogd risico. Een afkapwaarde van
19mm kan gebruikt worden om lage oesophagus temperaturen te voorspellen met
een sensitiviteit van 96.2% en een specificiteit van 37.8%. In elke patiënt was er
minimaal 1 PV met een oesophagus tot PV afstand van <19mm. Daarom wordt
aangeraden om, om oesophagus gerelateerde complicaties te voorkomen,
monitoring van oesophagus temperatuur reguliere klinische praktijk te maken.
(Hoofdstuk 5)
In het kader van ondersteuning van PVI procedures middels beeldvormende
technieken heeft 3D CT een aantal voordelen ten opzichte van directe röntgen
doorlichting. Doordat de 3D CT een 3D beeld voor navigatie creëert, wordt het
manoeuvreren en plaatsen van de cryoballon een stuk gemakkelijker. (Hoofdstuk
6) Ondanks de kleine populatie toonde onze studie aan dat er potentieel minder
stralingsdosis en blootstelling aan contrastvloeistof gedurende de cryoballon PVI
procedure is wanneer er gebruik wordt gemaakt van 3D CT. Verdere winst op het
gebied van stralingsdosis is te verwachten wanneer in plaats van 3D CT gebruik
gemaakt zou worden van 3D magnetic resonance imaging (MRI).
Pre-procedurele CT scans geven gedetailleerde anatomische informatie welke
gebruikt kan worden zowel voorafgaand aan als tijdens de procedure. Deze preprocedurele CT scans kunnen echter ook “bijvangst” met zicht meebrengen in de
vorm van toevalsbevindingen van potentiele pathologieën. In zowel de PVI als de
percutane aortaklepvervanging populatie komen deze toevalsbevindingen
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veelvuldig voor12–23. De resultaten in Hoofdstuk 7 onderschrijven deze eerdere
observaties. Verder draagt hoofdstuk 7 bij aan de huidige discussie omtrent de
voordelige en nadelige effecten van het doen van toevalsbevindingen. Een vroege
opsporing van extracardiale afwijkingen kan potentieel een snelle en vroege
behandeling mogelijk maken. Tegelijkertijd resulteren toevalsbevindingen in extra
zorgkosten en daarnaast voor de patiënt ook in hogere stralingsbelasting en
mogelijk in angst. Op basis van de resultaten van hoofdstuk 7 kan er bij de
voorlichting van patiënten vermeld worden dat, ondanks dat de kans op een
toevalsbevinding aanwezig is, er slechts een klein percentage is waarbij ook
daadwerkelijk een behandeling noodzakelijk is. Hiermee kan mogelijk de angst bij
patiënten verminderd worden.
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Conclusie en toekomstperspectieven
Zowel effectiviteit, bepaald door elektrische isolatie, als veiligheid, bepaald door
energie dispersie, zijn een resultante van verscheidene factoren. Met behulp van
dosering en monitoring strategieën wordt er gepoogd deze factoren onder controle
te krijgen. De factoren die hierin met elkaar interacteren zijn echter zo talrijk dat
er niet één unieke set van waarden gebruikt kan worden als leidraad voor
cryoballon PVI in het algemeen.
Alle dosering en monitoring parameters die op dit moment beschikbaar zijn, zijn
helaas nog steeds surrogaat parameters voor het bepalen van de effectiviteit en
veiligheid van de procedure. De transmuraliteit van de ablatie energie en het
creëren van duurzame (permanente) laesies zijn hierin namelijk de belangrijkste
factoren. Om isolatie te bereiken moet de ablatie energie door de atriumwand heen
de buitenwand van het atrium (epicard) bereiken en om complicaties te voorkomen
moet voorkomen worden dat de energie zich verder verspreidt tot buiten het hart.
Daarom zou de grootste focus momenteel moeten liggen op het overstappen van
surrogaat parameters naar directe en real-time registratie van laesie vorming. Door
middel van directe en real-time metingen zou de operateur directe feedback
kunnen krijgen over (cryo) laesie vorming en het optreden van eventuele schade
aan omliggende weefsels. Real-time registratie van deze cruciale parameter zou
niet alleen een PV of een patiënt specifieke aanpak maar zelfs een applicatie
specifieke aanpak mogelijk maken. Met betrekking tot dosering is een eerste
veelbelovende stap in de richting van relatief directe registratie gezet door het
aanpassen van de applicatietijd aan de tijd tot isolatie (TTI) van de PV. Met behulp
van TTI kan patiënt- en PV-specifiek geregistreerd worden. Het brengt echter nog
steeds de transmuraliteit zelf niet in beeld en het geeft geen informatie over de
omliggende weefsels.
De ontwikkeling van de derde en vierde generatie cryoballonnen was voornamelijk
op directe registratie van PV potentialen en TTI gericht. Helaas kan de TTI nog
steeds niet in elke PV gemeten worden. De voornaamste reden hiervoor is dat de
Achieve katheter niet alleen gebruikt wordt voor mapping maar ook als voerdraad
om de ballon in de gewenste positie te stabiliseren. Onderdeel hiervan is dat de
Achieve katheter opgevoerd wordt in de PV waardoor de PV potentialen niet meer
te registreren zijn. Het design van de Achieve katheter zou aangepast kunnen
worden om dit probleem op te lossen. Door de introductie van een voerdraad die
zich onafhankelijk van de elektrodes kan bewegen kunnen PV potentialen
proximaal gemeten worden terwijl de voerdraad distaal voor stabilisatie zorgt
(Figuur 1).
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Figure 1 Mogelijk design van de volgende generatie cryoballon. Door de introductie van een
voerdraad (zwart in dit figuur) die zich onafhankelijk van de elektrodes kan bewegen kunnen
PV potentialen proximaal gemeten worden terwijl de voerdraad distaal voor stabilisatie zorgt
(onderste vak). (Figuur op basis van door Medtronic Inc. verstrekte figuren)
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De voornaamste kansen voor directere registratie van transmuraliteit en de mate
waarin omliggende weefsels bereikt worden liggen bij real-time beeldvorming.
Real-time visualisatie van verandering in weefsel gedurende ablatie middels MRI
heeft al veelbelovende resultaten laten zien in studies met honden24. Wanneer
weefsel bevriest verliest het zijn MRI signaal. Op deze manier kon de vries zone,
wat een directe meting is van effectieve bevriezing en ijsformatie in zowel cardiale
als niet cardiale structuren, succesvol real-time in beeld gebracht.
De cryoballon heeft een snelle introductie in de klinische praktijk gekend,
voornamelijk vanwege de hoge effectiviteit en de laagdrempeligheid van het
uitvoeren van de procedure. Pogingen om de procedure te optimaliseren hebben
zich, op de introductie van de nieuwe ballonnen na, voornamelijk gericht op het
verkrijgen van empirisch bewijs. Dit is gedaan door het trial-and-error principe toe
te passen op arbitrair gekozen doseringen qua applicatie duur. Zodoende zou het
interessant zijn om een stap terug te doen naar de basis en meer onderzoek te
doen naar de thermodynamische eigenschappen van cryoablatie. Recent is
aangetoond dat de effectiviteit van ablatie afhankelijk is van variaties in de
onttrokken koude flux25. Ondanks de veelbelovende resultaten van deze studie is
het uitdagend gebleken, ook in onze eigen pogingen, om een betrouwbaar model
in lab opstelling te creëren (Figuur 2-4). Zelfs wanneer er gebruik wordt gemaakt
van een open doos opstelling zijn er nog steeds vele factoren van invloed. Hierdoor
is het creëren van een model en het genereren van reproduceerbare resultaten erg
uitdagend. Het zou hoogst interessant zijn om een studie uit te voeren naar
ijsformatie en koude propagatie waarin technische en klinische experts de handen
ineenslaan.
Samenvattend zijn voorspellers waarmee veiligheid vergroot kan worden zijn nog
niet zo uitgebreid bestudeerd als voorspellers voor hogere effectiviteit. Bovendien
is het veiligheidsaspect voornamelijk in klinische setting bestudeerd. Er is weinig
tot niets bekend over het biologische effect van cryo energie terwijl overmatige
energieafgifte dè cruciale reden is van de voornaamste complicaties van cryoballon
PVI. Beter begrip van thermisch gedrag en biofysische parameters die de ijsformatie
beïnvloeden is de sleutel naar verbeteringen in het veiligheidsaspect van
cryoballon PVI. Het zou ons in staat stellen om modellen te creëren waarmee
gedifferentieerde protocolanalyses uitgevoerd kunnen worden. Hiermee zou
voorspeld kunnen worden hoe we het optimale effect van cryoballon PVI kunnen
bereiken en welke biofysische parameters we gedurende de procedure kunnen
gebruiken.
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Figure 2 Schematische weergave van het model wat gebruikt is voor de lab opstelling op de
Universiteit Twente. Het atrium, de atriumwand en de omliggende weefsels zijn gemodelleerd
middels twee 0.9% NaCl oplossingen van 37˚C met een plakje weefsel er tussenin. De
omgeving van het atrium werd gerepresenteerd door een vloeistof zonder flow, de atriumholte
werd gerepresenteerd door dezelfde vloeistof mèt flow Q. Het weefsel werd tegen de wand
van het model geklemd om ervoor te zorgen dat er geen contact was tussen de twee
vloeistoffen. Met een cryotip ablatiecatheter werden er twee cycli van ablatie uitgevoerd. De
interne en externe ijskap die door de ablatie ontstonden in het gemodelleerde “atrium” en in
de “omgeving” werd visueel gemeten met behulp van een raster (nadat licht intensiteit, echo
en temperatuur camera metingen niet geschikt bleken).
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Figure 3 Gedetailleerde weergave van een van de modellen, hierin is het raster nog niet
geplaatst. Om de katheter heen is een grote “interne” ijskap te onderscheiden, net als een
kleinere “externe” ijskap aan de onderkant van het weefsel.

Figure 4 Lab opstelling zoals gebruikt met a. de buis waardoor de pulsatiele flow van 37 ˚C
stroomde, b. een houten frame, om interferentie met geleidingseigenschappen te voorkomen,
om de katheter in te fixeren, c. een temperatuur sensor, die zich in de “omgeving” van het
hart bevindt, d. het raster waarop de afmeting van de ijskap diameters gemeten werd en e. de
wanden waartegen het weefsel werd geklemd (geen weefsel aanwezig in dit figuur).
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Dankwoord
Dit dankwoord is mijn bel, na het startschot een kleine acht jaar geleden betekent
de bel, zoals altijd: nog één ronde te gaan. Er zijn vele overeenkomsten te vinden
tussen topsport en een promotietraject, heb ik de afgelopen jaren geleerd. Het
vereist een enorme bak doorzettingsvermogen en er is zelden een lineair verband
tussen je inspanning en de resultaten. Het is beiden zo simpel als “even vaak
opstaan als vallen”. In tegenstelling tot een koers, waarin over het algemeen
bekend is na hoeveel kilometer de finish ligt, bleef het eindpunt van deze koers, de
promotiedatum, lange tijd een vraag. En zelfs nadat de finish neergelegd was, bleek
de finish niet op de finishlijn te liggen. Iets wat overigens zelfs in de grootste
wielerkoers ter wereld kan gebeuren. Om een goede koers te rijden is het soms ook
nodig om veel geduld te hebben en af te wachten tot het moment suprême. Komt
die ervaring me nu eventjes mooi uit…
De laatste ronde voelt als een ere-rondje. Dank aan eenieder die eraan heeft
bijgedragen, op welke manier dan ook, dat ik dit ere rondje mag rijden. Graag laat
ik een aantal mensen specifiek meerijden.
Dr. van Opstal, Jurren, je staat in dit proefschrift vernoemd als co-promotor, maar
de dagelijkse begeleiding en het richting geven aan mijn promotie kwam natuurlijk
van jou. Je hebt me veel ruimte gegeven voor zelfstandigheid en eigen invulling.
Degenen die mij kennen, zullen zeggen dat ik het wat dat betreft niet beter had
kunnen treffen. Toen ik tegen het einde van mijn promotie aangaf je hulp ècht even
nodig te hebben, was je er ook. Dank voor alles, ik denk dat we samen enorm trots
kunnen zijn op de inhoud van dit proefschrift.
Prof. dr. ir. ten Haken, Bennie, aan het begin van mijn promotie was je nog geen
professor. Tijdens je oratie heb ik veel onderdelen gezien waar ik een bijdrage aan
heb mogen leveren. De gesprekken met jou waren vaak hoogover,
wetenschappelijke vergezichten en altijd weer nieuwe ideeën over volgende
stappen voor de vakgroep, practica, of aan te schaffen imaging apparatuur. Dit
heeft mede mijn manier van (wetenschappelijk) denken gevormd en ik kijk er met
plezier op terug. Dank daarvoor.
Prof. dr. Grandjean, Jan, aan het einde van mijn periode in Enschede heb ik jou bij
mijn promotie betrokken. Wat ben ik blij dat je dit wilde doen. Als vader van
dochters in dezelfde leeftijdscategorie als ik, nam je deze rol soms ook in onze
samenwerking op je. Heel hartelijk dank voor je raad maar ook zeker je
geruststelling en relativering.
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Jurren, Bennie, Jan, afgelopen jaren hebben we een unieke samenwerking gehad
tussen UT en MST. Dit heeft mij ook in staat gesteld om vele plekken op de wereld
te bezoeken voor congressen en lezingen. Dank voor deze hoogtepunten.
De leden van mijn promotiecommissie dank ik voor de bereidheid om in deze
commissie plaats te nemen, en voor het zorgdragen voor alle taken die daaraan
verbonden zijn. Speciale dank aan dr. Scholten. Marcoen, ik herinner me goed de
eerste keer dat je de deur van een EFO-kamer voor me opende. Ik was nog student
en gefascineerd door de grote hoeveelheid monitoren, signalen en beelden. Ik vroeg
me direct, mezelf kennende ook hardop, af waarom men dit de afgelopen
studiejaren voor mij verborgen had gehouden. Verder heb ik uiteraard mooie
herinneringen aan alle uren die we samen op de fiets doorbrachten in binnen en
buitenland. Deze halen het echter niet bij de onvergetelijke ducktour in Boston.
Alle co-auteurs van de artikelen in dit proefschrift bedank ik voor hun waardevolle
bijdrage. Dr. Brusse-Keizer, Marjolein, bedankt dat ik na overleggen altijd gesteund
door het “Marjolein-is-het-met-me-eens argument” terug kon keren naar de andere
co-auteurs. De collega’s uit het Maastricht UMC+ dank ik hartelijk voor hun aandeel
in de 123-studie.
Alle cardiologen van het Medisch Spectrum Twente wil ik bedanken voor de
samenwerking in de vijf jaar dat ik op deze afdeling heb doorgebracht. In meer of
mindere mate heeft eenieder haar of zijn bijdrage geleverd aan dit proefschrift.
Uiteraard speciale dank hierin aan de sectie electrofysiologie voor het in mij
gelegde vertrouwen.
Dank ook aan alle patiënten voor jullie vertrouwen. Dank voor jullie deelname aan
de studies, voor jullie bereidwilligheid om een bijdrage te leveren aan het
verbeteren van de zorg voor anderen.
Dit proefschrift was ook niet mogelijk geweest zonder de inzet van de rest van de
afdeling cardiologie. Het secretariaat, de echo en hartfunctieafdeling, en specifiek
de pacemaker en electrofysiologie afdeling. Vele uren heb ik met jullie op de HCK
doorgebracht en vele uren hebben ook jullie, met de stopwatch in de hand, besteed
aan het uitvoeren van de studies. Wanneer er per abuis een seconde te vroeg of te
laat op een knop werd gedrukt, kwam altijd de vraag “hoe ik dit nu ging verkopen
in mijn proefschrift”. Met als antwoord dat het toch mooi was dat er in mijn
proefschrift “foutje Harry”, “Bob lette niet op” of “Dennis zijn schuld” kwam te
staan. Bij dezen. Dank allemaal voor de gezellige uren in het blauw achter het glas.
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Ik bedank specifiek de collega’s waarmee ik een kamer gedeeld heb. Of het nu was
op de oude HCK 4, op de verloskamer aan het Ariënsplein, in de CRE-ruimte na “de
samensmelting” of op de UT. Bedankt voor jullie gezelligheid, jullie enthousiasme,
dagelijkse babbels, de laatste nieuwtjes en de beste recepten. Voor jullie luisterend
oor, droge humor, goeie tips en dresscode vrijdagen. Ik kon ze stuk voor stuk soms
goed gebruiken en ze hebben mijn herinnering aan de promotietijd gevormd.
Mijn huidige werkgever DSW Zorgverzekeraar wil ik bedanken voor de mogelijkheid
die ze mij geboden heeft om mijn werkzaamheden twee jaar lang te kunnen
combineren met dit promotietraject.
Mijn promotietraject heb ik ook gecombineerd met een topsport carrière. De sport
gaf me de fysieke uitlaatklep en het niveau gaf me de mogelijkheid om even iets
totaal anders heel belangrijk te maken. Het bracht me ook veel nieuwe vrienden
waar ik deze speciale tijd intensief mee heb mogen doorbrengen. Dank voor jullie
afleiding, jullie fanatisme dat mij motiveerde om ook alles te geven, de uren en
uren op de fiets waarin we het over van alles en ook over niks konden hebben.
Inmiddels zijn we een paar jaar verder maar ik prijs me gelukkig dat ik jullie nog
steeds mijn vrienden en vriendinnen kan noemen.
Datzelfde geldt uiteraard ook voor al mijn andere vrienden en vriendinnen, van het
eerste uur, vanuit later in Enschede, en inmiddels ook vanuit Rotterdam. Dank voor
jullie interesse, lieve en motiverende woorden, maar zeker ook voor alle
gezelligheid en hilariteit die jullie me hebben gebracht en nog steeds brengen.
Een promotie met topsport combineren is geen sinecure, heb ik mezelf gedurende
deze periode maar misschien nog wel meer na afloop ervan gerealiseerd. Het heeft
me ontzettend veel gebracht maar er bleef weinig tijd over voor iets anders dan
die twee. Naast mijn vrienden en vriendinnen hebben ook al mijn kennissen, familie
en naasten dit gemerkt. Dank voor jullie begrip. Maar ook voor jullie onverminderde
belangstelling in mij en mijn promotie. Dank ook voor het soms maar even niet
meer vragen naar die promotie, wanneer dat voor de sfeer of mijn gemoedsrust
beter was. Het is voor mij overduidelijk dat ik jullie deelgenoot wil maken van de
voltooiing hiervan. Op dit moment is nog onduidelijk of ik jullie hier allemaal live
bij aanwezig kan laten zijn. Ik hoop het van harte want dit feestje zou ik ontzettend
graag met jullie allemaal vieren.
Heleen, Jeroen en de rest van het gezin + aanhang. Inmiddels voelen jullie voor mij
ook als familie, met als basis het heerlijke huis in Haastrecht waar het regelmatig
de zoete inval is. Dank voor jullie gastvrijheid, openheid, interesse en de vele
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wijntjes die we al gedronken hebben. Proost op nog vele die zullen volgen. Jeroen
speciale dank voor je bijdrage aan dit proefschrift, fijn dat ik uitgebreid gebruik heb
mogen maken van je vele jaren ervaring met promoveren.
Linnea, mijn paranimf, inmiddels al ruim twee jaar geen collega meer maar gelukkig
nog steeds een dierbare vriendin. Je vrolijke gebabbel, je relativerende en nuchtere
blik en je enorme energie om ergens iets van te maken hebben vele glimlachen op
mijn gezicht getoverd. En: met al onze kleding-markt ervaring en jouw neusje voor
styling weet ik zeker dat ik er, als de verdediging eenmaal daar is, fantastisch bij
zal lopen.
Pap, mam, Joris en Liza, dank voor alles, veel daarvan is oneindig en altijd
onvoorwaardelijk. Uiteraard ook mijn dank voor jullie bijdrage aan de
totstandkoming van dit proefschrift, en het uit handen nemen van allerlei zaken.
Vaak last minute, maar dat was nooit een probleem. Joris, je weet niet half hoe fijn
het gevoel is dat ik mijn broer aan mijn zijde heb tijdens de verdediging. Pap, mam,
ik hoor misschien nog wel dagelijks jullie woorden “als jij iets ècht wil, dan kun je
het” in mijn hoofd terug. Jullie hebben mij het geloven in mezelf, mijn arbeidsethos
en mijn enorme doorzettingsvermogen bijgebracht. Zonder dat alles had dit
proefschrift er niet gelegen. Ik weet dat jullie enorm trots zijn, maar net zo trots
waren geweest als ik de handdoek in de ring had gegooid. Ik heb het voor mezelf
gedaan, deze marathon finishen, maar prijs me de gelukkigste dochter die er is, dat
ik jullie nog steeds trots kan en mag maken.
Lieve Sjoerd, we zijn er. Laatst zei ik je nog, gekscherend, dat het met jou vaak
maandagavond is; met mij is het ook zeer regelmatig maandagochtend geweest.
Wat ben ik gelukkig dat jij er ook dan voor me bent. Met jou zijn voelt als
thuiskomen. Ik kan niet wachten om het beeldscherm dicht te klappen en de
omlijsting van dit proefschrift samen weer in het echt te gaan bekijken. Ik weet dat
we samen bergen kunnen bedwingen en ook verzetten, ik geniet van het uitzicht
dat zich voor ons uitstrekt.
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Curriculum Vitae
Marleen Maria Dirkje Molenaar werd op 15 februari 1987 geboren te Purmerend en
groeide op in Monnickendam. Na het cum-laude behalen van haar VWO-diploma
aan het Bernard Nieuwentijt College Damstede te Amsterdam in 2005 verhuisde zij
naar Enschede waar zij startte met de studie Technische Geneeskunde aan de
Universiteit Twente. In 2012 behaalde zij haar master titel in de Technische
Geneeskunde (specialisatie Medische Signalen) met een afstudeerscriptie over
optimalisatie van cardiale resynchronisatie therapie tijdens inspanning. Daarna
startte zij als promovenda en technisch geneeskundige in een gecombineerde
aanstelling van zowel het Thoraxcentrum Twente, onderdeel van het Medisch
Spectrum Twente, als de vakgroep Magnetic Detection & Imaging behorend tot de
faculteit Technische Natuur Wetenschappen van de Universiteit Twente. Van 2012
tot en met 2017 heeft zij haar promotietraject gecombineerd met een
topsportcarrière in het marathonschaatsen. In 2018 verhuisde ze naar Rotterdam
waar zij momenteel woonachtig is. Zij startte daar met haar huidige aanstelling als
business analist op de functionele IT-afdeling van DSW Zorgverzekeraar, waar zij
momenteel naast business analist ook de rol van product owner vervult.
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