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Aims Left atrial catheter ablation of the pulmonary veins (PV) has evolved as an important therapeutic option for the treat-
ment of atrial fibrillation (AF). We aimed to investigate the incidence and predictors of silent cerebral embolism
associated with PV catheter ablation, detected by diffusion-weighted magnetic resonance imaging (DW-MRI).

Methods
and results

We performed a prospective analysis of 53 consecutive patients with persistent or paroxysmal AF that underwent PV
ablation and post-procedural cerebral MRI 1 day after lasso catheter-guided ostial PV ablation. Patients were analysed
for possible demographical, medical, echocardiographical, and procedural predictors of embolic events. A mean of
3.5+0.5 PVs were ablated per patient. In six patients, DW-MRI depicted new clinically silent microembolism
after PV ablation (11%). The number of ineffective medical antiarrhythmic agents prior to ablation procedure was
significantly higher in the embolism group (3.3+0.5 vs. 2.2+ 1.4, P ¼ 0.014). Coronary heart disease (CAD) was
more frequent in patients with cerebral embolisms (33 vs. 2%, P ¼ 0.031); left ventricular volume (130+12 vs.
103+26 mL, P ¼ 0.002), and septal wall thickness (13.0+1.4 vs. 7.9+4.8 mm, P ¼ 0.025) were significantly
increased.

Conclusion This study shows a high incidence of silent micro-embolic events after PV ablation. CAD, left ventricular dilatation,
and hypertrophy were potential predictors of this complication.
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Introduction
Pulmonary vein (PV) ablation has become an important therapeutic
option for the treatment of patients with drug refractory paroxysmal
and persistent atrial fibrillation (AF).1 –8 Despite the relatively high
success rate, this approach is still limited by potentially serious com-
plications.4,9– 13 Among these are transient cerebral ischaemia and
strokes. Cerebral embolism can also occur as clinically silent
events.1,4,9 –11,14 – 21 Cerebral magnetic resonance imaging (MRI) in
combination with diffusion-weighted imaging (DWI) is the standard
investigation for the detection of small acute cerebral ischaemic

lesions. It also has been proven successful for verification of silent
thromboembolism associated with cerebral angiography,
neuro-interventional procedures, carotid endarterectomy, left
heart catheterization, and also left atrial ablation procedures.17,22 –26

To estimate the thromboembolic risk of PV ablation procedures
and to identify predisposing factors, knowledge of not only appar-
ent, but also clinically silent cerebral thromboembolism is essential.
The target of the present study was to evaluate the incidence and
potential predictors of apparent as well as silent cerebral throm-
boembolism associated with PV ablation, using post-procedural
cerebral MRI.

* Corresponding author. Tel: þ49 228 287 16670, Fax: þ49 228 287 14983, Email: jan.schrickel@ukb.uni-bonn.de
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Methods

Patient characteristics
The study complies with the Declaration of Helsinki. It was approved
by the institutional review board of the University of Bonn and all
patients gave informed consent before inclusion in the study. Fifty-
three consecutive patients (eight female), 53+ 12 years of age, with
paroxysmal (89%) or persistent (11%) AF undergoing lasso catheter-
guided ostial PV ablation were prospectively included before ablation
procedure. Patients with previous pacemaker implantation or other
contraindications for MRI, severe valvular heart disease or documen-
ted thrombus of the left atrial appendage were excluded. The
absence of atrial thrombi was confirmed by transesophageal echocar-
diography in all patients (Table 1).

Study protocol
In the patients receiving oral anticoagulation, phenprocoumon was
stopped 5 days before ablation. Nadroparin or enoxaparin (1 mg/kg
body weight; maximum 100 mg) was administered subcutaneously
twice daily for at least 2 days preceding the ablation procedure.

On the day before the ablation, all patients underwent a thorough
physical examination including assessment of the neurological status.
Transthoracic and transesophageal echocardiography were performed
in all patients 1 day prior to or on the same day of the ablation pro-
cedure. Physical examination with neurological assessment was
repeated and cerebral diffusion-weighted magnetic resonance
imaging (DW-MRI) was conducted the day after the procedure.

Pulmonary vein ablation
The ablation was performed using the technique described by Haissa-
guerre et al.3 First, diagnostic catheters were positioned in the coron-
ary sinus and at the His-bundle region via the right femoral vein. Then,
the interatrial septum was punctured and a guide wire was inserted
into the left superior PV. An irrigated tip ablation catheter (Thermo-
cool, Biosense Webster or Sprinklr, Medtronic; constant flow rate
for both 1000 mL/h) was advanced along the guide wire. After this,
the long transseptal sheath was again advanced over the guide wire
into the left atrium.

In all patients, heparin was injected as a bolus of 75 IU/kg body
weight from a peripheral vein. The activated clotting time (ACT) was
kept .250 s throughout the whole procedure and was monitored
every 20–30 min. Heparin was later given through the heparinized
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Table 1 Patient characteristics, ablation procedure, and echocardiography

Total population (n 5 53) No embolism (MRI; n 5 47) Embolism (MRI; n 5 6) P-value

Age (years) 53+12 52+12 59+13 0.242

Gender (male/female) 45/8 39/8 6/0 —

Hypertension (%) 52 47 83 0.192

Coronary heart disease (%) 6 2 33 0.031

Previous cerebral ischaemia 6 4 17 0.310

Time since first AF occurrence (months) 117+106 120+111 89+38 0.263

Persistent AF (%) 11 11 0 1.000

Paroxysmal AF (%) 89 89 100 1.000

Frequency of AF episodes per month 27+100 29+105 9+7 0.306

Average duration of AF (h) 14+23 13+24 23+6 0.088

Number of failed antiarrhythmic drugs 2.3+1.4 2.2+1.4 3.3+0.5 0.014

Previous left atrial ablation (%) 4 2 17 0.220

Previous oral anticoagulation (%) 30 28 50 0.357

Previous platelet inhibitor (%) 30 28 33 —

Ablation procedure

Duration (min) 199+54 197+53 210+66 0.686

Fluoroscopy duration (min) 61.4+24.1 60.6+23.6 66.7+29.7 0.678

Total RF energy (Ws) 55 780+7743 55 660+7583 56 621+6805 0.890

Number of PVs ablated 3.5+0.5 3.5+0.5 3.2+0.4 0.113

Transthoracic echocardiogram

Left ventricular ejection fraction (%) 60+9 60+9 57+5 0.422

Left ventricular volume (mL) 106+26 103+26 130+12 0.002

Septal wall thickness (mm) 8.7+4.9 7.9+4.8 13.0+1.4 0.025

Left atrial volume (mL) 73+29 71+14 87+17 0.382

Left atrial diameter (mm) 38.3+13.1 36.8+14.2 44.5+6.4 0.382

Transesophageal echocardiogram

Spontaneous LAA echo contrast (%) 19 17 33 0.315

Reduced LAA flow velocity ,0.5 m/s (%) 11 13 0 —

Relevant mitral regurgitation (%) 7 9 0 —

AF, atrial fibrillation; PVs, pulmonary veins; LAA, left atrial appendage.

Cerebral embolism during pulmonary vein ablation 53
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cooling fluid of the cooled-tip ablation catheter (1000 mL/h) and
additionally injected intravenously, as needed.

Venography of all four PVs was performed by administration of a
contrast agent through the transseptal sheath or through a six
French multi-purpose catheter. Next, a circumferential mapping cath-
eter (Lasso, Biosense Webster or Encirclr, Medtronic) was introduced
into the proximal PVs. Radiofrequency (RF) energy was applied in a
power-controlled mode with a power limit of 25–30 W and a temp-
erature of maximum 478C. Lesions were delivered for 60 s each. Abla-
tion was performed at the atriovenous junction proximal to the
circumferential mapping catheter at sites showing the earliest PV
potentials. The endpoint of ablation was defined as complete discon-
nection of the PV, resulting in electrical isolation of the vessel.

Sheaths were removed as soon as the ACT fell below 200 s. Nadro-
parin or enoxaparin, twice daily s.c. in weight-adapted dose (1 mg/kg),
was started 4 h after sheath removal. Oral anticoagulation with phen-
procoumon was restarted the same evening in all patients. Enoxaparin
was continued until the international normalized ratio was above 2.

Cerebral magnetic resonance imaging
Cerebral MRI (1.5 T Intera, Philips Medical Systems, Best, The
Netherlands) was performed the day after the ablation procedure in
all patients, as described before.17 In short, the imaging protocol
included a diffusion-weighted single-shot spin echo echoplanar
sequence [diffusion gradient b-values of 0, 500, and 1000 s/mm2, rep-
etition time (TR) 4000 ms, echo time (TE/TEd) 120/85 ms, slice thick-
ness 5 mm, matrix 128 � 256], fluid attenuated inversion recovery
(TR/TE 6000/110 ms), and T2-weighted turbo spin echo (TR/TE
4800/110 ms) sequences. The acquisition time for the diffusion-
weighted sequences was 30 s. Diffusion gradients were applied in
three orthogonal directions during DWI. In addition, apparent diffusion
coefficient (ADC) maps were calculated in every patient with hyper-
intense lesions in the DW images to differentiate acute ischaemia
from ‘T2 shine through’.

Acute embolic cerebral ischaemia was defined as focal or wedge-
shaped hyper-intense lesions in the DW images with corresponding
hypo-intensity in the ADC map in a typical vascular pattern. The size
and localization of focal diffusion abnormalities were analysed. All

MRIs were analysed independently by two certified radiologists,
blinded to the clinical status of the patients. In instances where the
readings were different, a consensus was obtained.

Statistical analysis
Continuous variables are presented as mean+ standard deviation. The
Student’s t-test or, for discrete variables, the Fisher’s exact test was
used to compare patient groups. A value of P � 0.05 was considered
statistically significant.

Results

Ablation procedure
The transseptal catheterization and PV angiography were per-
formed before PV disconnection without complications in all
patients. Extracted catheter material was thoroughly examined
for signs of clotting. No evidence of clot formation or charring
was seen at any ablation electrode or the mapping catheter. No
significant differences regarding procedural characteristics were
present in the patients with and without diagnosis of cerebral
embolism. Total RF energy applied to the patients was equal
among the groups. No RF was administered to PV electrically
silent. Details of the ablation procedure are outlined in Table 1.

Incidence and localization of
thromboembolic cerebral events
Six patients (11%) developed cerebral microembolism due to
thromboembolic events during the PV ablation procedure (demo-
graphical and clinical data see Table 1), as detected by cerebral
DW-MRI (Figure 1). In the six patients, one to three microembolic
lesions were detected (Table 2). Only one of these patients
showed slight reflex augmentation (biceps, triceps, supinator
reflexes) on the site contralateral to the embolic lesion (left
arm), which disappeared during follow-up.

Figure 1 Periprocedural clinical silent cerebral micro-embolism after PV ablation. Diffusion-weighted image (DWI, A) and apparent diffusion
coefficient (ADC) map (B) demonstrate two bright white matter lesions in the DWI (arrows in A) corresponding to a signal hypoattenuation in
the ADC map (arrows in B), consistent with acute embolic cerebral infarctions in the left centrum semiovale. Fluid attenuated inversion recov-
ery (FLAIR, C) image displays extensive white matter lesion due to microangiopathy.
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Predictors of cerebral embolism
Analysis of the patients groups with (n ¼ 6) and without (n ¼ 47)
cerebral microembolism showed no significant differences in age,
the presence of diabetes mellitus, or hypertension. All patients
with embolism were male, yet this was not statistically significant.
When compared with the unaffected group, history of coronary
heart disease (CAD) was found significantly more often in the
group of patients with cerebral microembolism (two of six patients
vs. one of 47 patients, P ¼ 0.031). This was independent from the
presence of diabetes mellitus as factor possibly contributing to
elevated incidence of CAD in the embolus group. In the control
group, we found three patients with diabetes mellitus, all without
history of coronary artery disease; and two patients in the
smaller cohort with embolic events (33%), one of those with cor-
onary artery disease. Despite the tendency towards a higher inci-
dence in the embolus group, there is no significant difference
regarding this parameter (P ¼ 0.094). We did though not system-
atically screen for insulin-resistance in the groups. The number of
antiarrhythmic agents previously used for the medical treatment of
AF was significantly higher in the patients with cerebral embolism
(3.3+ 0.5 vs. 2.2+1.4 antiarrhythmic drugs, P ¼ 0.014). No
further statistical significant differences were found (Table 1).

Echocardiographic examination
No differences were found regarding left atrial size and diameter,
spontaneous echo contrast, mitral valve regurgitation, or further
valvular diseases. When compared with patients without throm-
boembolism, the left ventricular volume was significantly larger in
the group with embolic events. Even though there was no differ-
ence in the prevalence of hypertension, the septal wall was
found to be thickened in patients that suffered from cerebral
embolic events (Table 1).

Discussion
In this study, we evaluated the incidence and potential predicting
factors of cerebral embolism associated with left atrial, ostial PV
ablation. Previously, DW-MRI has been shown to be an adequate
tool for the detection of cerebral microembolism associated
with left atrial ablation17 and other interventional and diagnostic
procedures.22 –26 We now analysed the incidence of cerebral
embolism in a consecutive cohort of patients that underwent
catheter-guided PV ablation and correlated MRI-detected cerebral
embolic events with demographical, clinical, and procedural

characteristics. Despite the fact that we investigated a low-risk
patient population, characterized by a minor rate of structural
heart disease, relatively young age, and predominant paroxysmal
AF, we found a high incidence of subclinical periprocedural
embolic events associated with AF ablation. In a prove of principle
study performed by our group,17 ten patients underwent MRI prior
to PV ablation, which was preceded by the same anticoagulation
protocol as conducted in the actual investigation. None of these
patients showed signs of microembolism. These results suggest
that the embolic events occurring in the present study were exclu-
sively associated with the PV ablation procedure.

Procedural characteristics of pulmonary
vein ablation
Radiofrequency catheter ablation is well known to be associated
with a risk of thrombus formation at the catheter tip or on the
surface of the injured, ablated area.27 The thrombogenic potential
of ablation procedures has been substantiated by the proof of
increased laboratory values of parameters of coagulation, platelet,
and fibrinolysis activation after cardiac ablations. Interestingly, it has
been shown that the level of thrombin–antithrombin III as a direct
marker of thrombin generation was already significantly enhanced
by insertion and presence of the catheters in the heart; it was not
further elevated by RF energy application.27

The association between RF ablation and thromboembolic
events is well established. A meta-analysis of seven large scale
studies showed an overall incidence of 0.6% of symptomatic arter-
ial embolisms, increasing up to 2% when left atrial ablation was per-
formed.28 All important studies of PV ablation describe clinical
relevant embolic complications associated with this innovative
therapy in the treatment of AF,1,4,9 –11,14 – 16,18,19,21,29 ranging
from 0.2 to 0.5%. The impact of irrigated RF catheters on the acti-
vation of platelets and plasma coagulation has not yet been exam-
ined systematically, but it is likely that these electrodes are able to
reduce periprocedural thrombus formation. Yet, even with the
newer cryo-technique, which is supposed to be less thrombogenic,
a stroke occurred in one of 52 investigated patients.30

Risk factors for cerebral embolism
associated with pulmonary vein ablation
Until now, proposed risk factors for cerebral embolism are age
more than 60 years and history of stroke or transient ischaemic
attack.16 Furthermore, low flow flushing of the transseptal sheath
during left atrial ablation procedure14 has been described to
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Table 2 Localization and characteristics of periprocedural cerebral microembolisms

Number of lesions Lesions size Localization

Patient 1, asymptomatic 2 2 mm, 3 mm Left frontoparietal region

Patient 2, asymptomatic 1 2 mm Left parietal lobe

Patient 3, asymptomatic 2 2 mm, 3 mm Left parietal lobe

Patient 4, asymptomatic 3 2 mm, 2 mm, 2 mm Right frontal lobe (1), right cerebellar hemisphere (2)

Patient 5, asymptomatic 2 3 mm, 2 mm Left frontal lobe (1), right frontal lobe (1)

Patient 6, reflex abnormalities 2 1 mm, 1 mm Right parietooccipital region
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promote thrombosis and thromboembolism. In contrast to most
reports of PV ablation and to minimize the likelihood of left
atrial thrombus formation, we used only one transseptal sheath
for insertion of the circumferential mapping catheter into the left
atrium. The ablation catheter was advanced along a guidewire
into the left atrium after successful initial transseptal puncture.

In our study, we found six of 53 patients with silent cerebral
thromboembolism. Medical treatment was less effective in these
patients, indicated by the greater number of antiarrhythmic drugs
administered for AF in their history. Under the above described
procedural setting, we identified a history of CAD as well as echo-
cardiographic parameters of left ventricular dilatation and hyper-
trophy as risk factors of these cerebral ischaemic events. This
was independent from the presence of hypertension and diabetes
mellitus as factors independently contributing to hypertrophy and
CAD in the embolus collective. Interestingly, left atrial volume or
history of previous stroke or cerebral ischaemia was not associated
with an elevated thromboembolic risk in the investigated popu-
lation of relatively healthy and young patients. Apparently, patients
with more severe left ventricular diseases are more prone to silent
cerebral embolism after PV ablation. It must be mentioned that all
patients underwent transesophageal echocardiography to exclude
left atrial thrombi prior to the ablation procedure.

Prevention of cerebral microembolism
The presence of silent embolism proves the potential danger of
cerebral embolic events, which indicates the still high thrombo-
geneity of catheter ablation. In the present investigation, the
amount of RF energy applied was equal in the groups, so embo-
lisms do not seem dependent on the RF energy administered.
This substantiates the fact that further protective means (high
flow flush, ACT screening) are essential, but still not able to fully
prevent silent microembolism. Additional protective measures
(i.e. higher ACT, minimizing procedure time, and manipulation in
the left atrium) are possibly necessary to further decrease throm-
boembolic risk.

Intracardiac echocardiography (ICE) has been shown to be suc-
cessful in detecting thrombus formation throughout PV ablations.31

A high incidence of thrombus formation in 24 of 232 patients
(10.3%) with thrombi attached to a transseptal sheath in 57%
and to the circumferential mapping catheter in 43% was found.
None of the patients showed clinical evidence of a clinical throm-
boembolic complication. The incidence of silent cerebral embo-
lism, however, was not examined in this study. Risk factors for
left atrial thrombus formation were previous spontaneous echo
contrast, increased left atrial diameter, and persistent rather than
paroxysmal AF. Yet, in another study, microbubble formation
during RF application was shown by ICE and these microbubbles
were detected in the carotid arteries by transcranial Doppler
sonography. These findings prove the thromboembolic risk of
left atrial RF ablation.32

Study limitations
Magnetic resonance imaging was only performed after but not
before the ablation procedure. The hyperintense appearance of
the lesion in DW-MRI however is a typical radiological feature of
embolic events that occurred in the preceding 7 days and that is

absent in older lesions. From an imaging standpoint, it is also possible
that the lesions could have been caused by infection or acute demye-
lination, but no patient had a history of an infectious or demyelina-
tion disorder, or previous neurological symptoms. The findings on
post-procedure DW images are thus very unlikely to be caused by
mechanisms or embolic events prior the ablation procedure. Never-
theless, there remains a possibility that a part of embolic events
found is associated to changes in the anticoagulation regime (with-
drawal of phenprocoumon and bridging with enoxaparine) in the
period prior to the ablation. Actually, there are no big randomized,
prospective studies systematically evaluating the risk of silent micro-
embolic events potentially associated with such changes in the antic-
oagulation prior to cardiac interventions. Yet, a previous pilot study
showed no microembolisms in a small group of 10 consecutive
patients prior to ablation undergoing analogous changes in the antic-
oagulation procedure17 as in our study.

Heparin was given after transseptal puncture in the present
study. Some centres nowadays administer heparin before the
transseptal access to avoid thrombus formation before left atrial
access. This might influence the present results; a possible protec-
tive effect of earlier heparin administration or higher ACT values
(.300–350 s) as suggested by other investigators33 should be
evaluated in further studies based on the present results.

A relatively small total number of patients were investigated, but
a great part of these patients was affected by embolic events, which
made statistical analyses for risk factors in this cohort possible. We
are possibly still limited in the detection of all relevant predictors
for cerebral embolic complications secondary to PV ablation and
could not perform analyses of hazard ratios for the predictors
identified.

Conclusion
This study shows a high incidence of clinically not apparent cer-
ebral microembolism associated with left atrial ablation of the PV
orifice, as detected by post-procedural DW-MRI. Microembolism
is associated with the presence of CAD, a greater number of inef-
fective medical antiarrhythmic agents administered previously, and
parameters of left ventricular dilatation and hypertrophy. This
study proves the still high thrombogenic potential of left atrial
RF ablation even under maximum procedural safety measures.

Conflict of interest: none declared.
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