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Rotor, Rotor Everywhere…. Nor any Place to Find….

Dhanunjaya Lakkireddy MD, Andrea Natale MD

Dear colleagues
Great to see many of you at the 36th Annual Heart Rhythm 

Society Annual sessions in Boston past week. It became quite obvious 
that the next frontier that is ahead of us is clearly the success bar 
for persistent atrial fibrillation therapy. What particularly bemused 
us was the amount of interest in the concept of rotors. Attempts to 
find rotors using non-contact mapping, contact mapping and body 
surface mapping are quite interesting and exciting. And then there 
is the counter argument that questions the very existence of rotors. 
Big companies, start-up companies and companies yet to form …. 
Everyone wants to solve this puzzle of rotors. A large percentage of 
abstracts related to persistent AF had their fair share of rotors. It is 
perhaps important to remind ourselves of the saga of the sailor from 
the “The Rime of the Ancient Mariner”. For the years ahead of us 
the search for this elusive, invisible, untamable perpetrators of AF 
shall continue.

In this edition of JAFIB, we have some comprehensive review 
articles related to the management of AF in chronic kidney disease, 
epicardial approaches to outflow tract ventricular tachycardias, impact 
of age and gender on AF ablation complications, improving cardiac 
resynchronization delivery tools. Few interesting case reports on the 
use of cryo balloon ablation in complex pulmonary vein anatomies 
and left atrial tachycardia are worth reading. Van Stipdonk and 
colleagues presented a thorough on utilizing EKG patterns in CRT 
for better understanding of optimization. It opens up a lot of insights 
into the conduction abnormalities in patient with cardiomyopathy 
and the process of cardiac resynchronization.

A cost effectiveness comparison of Dabigatran versus warfarin by 
Galvani etal is an important read. Stabile and colleagues described 
the impact of contact force ablation tools on fluoroscopy reduction 
adding important information that highlights the value of the new 
generation of ablation catheters. A detailed review of Amplatzer 
Cardiac Plug and its successor Amulet by Kapadia and group 
discusses the current data on this left atrial appendage exclusion 
device.

Our heart goes out to the victims of the earthquakes in Nepal. 
Please send your contributions to the Red Cross at https://www.
redcross.org/donate and Habitat for Humanity at http://www.
habitat.org where medical help and reconstruction of homes is the 

Dhanunjaya (DJ)Lakkireddy
MD, FACC, FHRS

Associate-Editor
JAFIB

Andrea Natale
MD, FACC, FHRS, FESC

Editor-in-Chief
JAFIB

top priority.
Have a wonderful summer

Cordially 
Dhanunjaya Lakkireddy
Andrea Natale



Cost-Effectiveness of Dabigatran Exilate in Treatment of Atrial 
Fibrillation
Giovanni Galvani, Alberto Grassetto, Stefania Sterlicchio, Sakis Themistoclakis, Andrea Venturini, Giampaolo 
Zoffoli, Domenico Mangino

Dirigente Medico, Unità Operativa di Cardiochirurgia, Responsabile della Qualità di reparto, Azienda ULSS 12 Veneziana, 
Ospedale dell ’Angelo, Venezia-Mestre.

Disclosures:
None.

Corresponding Author:
Dr. Giampaolo Zoffoli,
Dirigente Medico, Unità Operativa di Cardiochirurgia 
Responsabile della Qualità di reparto
Azienda ULSS 12 Veneziana, 
Ospedale dell’Angelo, Venezia-Mestre.

Introduction
The paper aims to identify a criterion to determine the relative 

convenience, in terms of cost and overall utility, of several oral 
anticoagulants therapies in treating patients affected by atrial 
fibrillation.

The research stems from the need of further exploring and 
comparing the efficacy and convenience of Dabigatran Exilate vis-à-
vis other anti-coagulant drugs in treating atrial fibrillation (AF) and 
the belief that stroke prevention through the adoption of a safe and 
effective antithrombotic therapy is a primary objective to be pursued 
without delay.
Clinical Perspective

The Atrial Fibrillation, AF,  is the most common and wide-spread 
cardiac arrhythmia. 

According to several studies, the prevalence of AF in the general 
population is of little less than 1%, 0.90% in Europe1 and 0.95% 
in USA.2 However, these numbers only account for the diagnosed 

cases and may therefore be significantly underestimated since silent, 
and/or asymptomatic AF represents a big slice of the entire affected 
population, 25% in Olmsted County study.

According to the latest data people affected by AF are almost 3 
million in USA and 5 million in Europe and but if we adjust for the 
silent cases these numbers would rise respectively to 3.75 million and 
6.25 million.3

The number of individuals diagnosed with conditions considered 
risk factors for AF, such as ischemic heart disease, heart failure, 
obesity, and diabetes has been increasing in recent years and it is 
widespread belief that this pattern will continue in the future. 

The fight against atrial fibrillation is thus a major challenge for 
public health systems around the world.

The increase in the incidence and prevalence of AF with the 
general aging of the population implies a considerable cost to 
the public finances, which is constantly growing. In fact, despite 
the improvements in the health sector, the prognosis of the 
complications of AF, primarily stroke has not improved much, while, 
aging population playing its part, mortality and hospitalizations have 
steadily increased insomuch as currently, in the European Union, the 
overall burden on society related to AF amounts to €13.5 billion, 
approximately $15.7 billion.

As a consequence, the prevention of stroke through the adoption 
of a safe and effective antithrombotic therapy is a primary objective 
to be pursued without delay.

www.jafib.com Apr-May 2015| Volume 7| Issue 6

Abstract
Background:  Dabigatran exilate has emerged as a highly effective tool in treating atrial fibrillation, AF). Its relative convenience in terms 

of cost and overall utility with respect to other anti-coagulants, however, has not been explored in much detail yet.
Methods and Results:  We run a Markovian disease simulation model based on a cohort of 1000 randomly generated patients which 

were sub-grouped by average risk of hemorrhage and average risk of stroke to compare treatments with Aspirin, Warfarin and Dabigatran. 
Quality-adjusted life-year, QALYs) for the patients were projected over up to 30 years with mortality statistics database and properly adjusted 
after every 5-year survival from the starting date. If managed within the prescribed range, Warfarin offers the highest outcome in terms 
of QALYs: 7.93 versus 7.61 for the Aspirin treatment and 7.57 for highest dose treatment with Dabigatran. Dabigatran outperformed the 
other treatments in patients at high risk of major stroke, provided Warfarin was not managed optimally. The incremental cost-effectiveness 
ratio for Dabigatran versus sub-optimally managed Warfarin was €7,759.48/QALY meaning that every year in perfect health earned with 
Dabigatran cost less than €8,000 more than the alternative treatment with Warfarin.

Conclusions: The therapy with high-dose Dabigatran proved the most clinically safe solution for patients at high risk of stroke unless 
Warfarin therapy was excellent. 
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Methods
The work was carried out on a virtual sample of patients with atrial 

fibrillation and with an average age of 75 years.
On the basis of the results from Randomized RE-LY trial, we 

developed a decision-analysis model to compare the cost and 
quality-adjusted survival granted by the antithrombotic therapies 
with Aspirin, Warfarin and Dabigatran, either 2*110mg/die and 
2*150mg/die doses for each category of patients. 

To run our cost-efficiency analysis we utilize a Markovian model 
so that the creation of the follow-up is guided by the probabilities 
related to the case records of atrial fibrillation only and does not 
suffer interferences due to clinical events of other nature.

We generated our 1,000 patients sample by assigning to each 
combined age and gender of the patient a probability of being picked 
up consistent with the data of the actuarial life table of the US Social 
Security Administration4 and we do so implementing the Microsoft 
Excel’s RANDOM() function.

We set the Dabigatran treatment cost at 6.00€/day, based on an 
average of selling prices found online for an overall cost of €2,190/yr.

Wanting to determine which is the most cost-effective treatment 
for each category of patients, and not in overall terms, we group the 
hypothetical cohort based on the average risk of hemorrhage and the 
average risk of stroke using respectively the HEMORR2AGES and 
the CHADS2 score.

HEMORR2AGES is the acronym of a 11-item scoring system, 
developed by Gage BF, Yan Y Milligan PE, et al. for estimating the 
risk of major bleeding in patients based on:5

• Hepatic or renal disease
• Ethanol abuse
• Malignancy

• Older age, ≥75
• Reduced platelet count or function
• Rebleeding risk, i.e.: prior bleed
• Anemia
• Genetic factors, CYP2C9 variant
• Excessive fall risk
• Stroke
The presence of every risk factor contributes 1 point to the final

score, except prior bleeding which is assigned a weight of 2 which 
will be between 0 and 12.

CHADS2 is a score based on several clinical parameters built to 
estimate the likelihood of stroke in patients affected by non-rheumatic 
atrial fibrillation, AF. It is based on the following conditions6:

• Congestive heart failure
• Hypertension: blood pressure consistently above 140/90 mmHg
• Age ≥75 years
• Diabetes mellitus
• Prior stroke or Transient Ischemic Attack, TIA
Again, every condition contributes 1 point, with the exception of

prior stroke or TIA which is assigned a weight of 2 to the final score.
To accommodate the natural distribution of patients depending 

on their CHADS2 and HEMORR2AGES scores, we utilize three 
sub-groups  for each score, tables 6 and 7:

Once we have randomly – but consistently – generated our 
“virtual” patient we simulate how his follow-up will be. We extended 
the simulation of the follow-up period up to 30 years, convinced by 
the fact that the number of patients that would outlive such period, 
taken into account that the average age of the sample is around 75, 
will be few enough not to be statistically relevant – nor influential on 
the calculations as well. 

Each follow-up year is associated with an utility level going from 
0 to 1, where 1 represents a perfect state of health and 0 is given 
to death. The utility values associated with each adverse event were 
assigned according to the following table7 and were determined 
through a questionnaire by the same patients observed during the 
RE-LY trial:

Even if some health states may be considered worse than death 
when they cause extreme pain and discomfort, thus having negative 
scores, we here decided to put a floor at 0.

Cardiovascular events, however, do not account themselves for 
all reduction in the yearly life utility of patients. Mortality rate was 
introduced in the calculation of patients’ QALYs and continuously 
adjusted, with a frequency of five years to take into account the 
increased likelihood of the patients of dying as they age. Mortality 
rates were derived manipulating the data found in CDC/NCHS, 
National Vital Statistics System database8 and suitably linking 
them to a function which assigned a value of 1 if the observed 

Figure 1: Average QALYs lived by all patients

Table 1: Incidence of major bleeding according to HEMORR2AGES score

Risk Score Incidence of Major Bleeding (Bleeds per 100 patient-yrs) 95% CI

    0 1.9  (0.6-4.4)

    1 2.5  (1.3-4.3)

    2 5.3  (3.4-8.1)

    3 8.4 (4.9-13.6)

    4 10.4 (5.1-18.9)

   ≥5 12.3 (5.8-23.1)

Table 2: Incidence of stroke according to CHADS2 score

Risk Score Incidence of Stroke(%) 95% CI

0 1.9 (1.2-3.0)

1 2.8 (2.0-3.8)

2 4.0 (3.1-5.1)

3 5.9 (4.6-7.3)

4 8.5 (6.3-1.1)

5 12.5 (8.2-17.5)

6 18.2 (10.5-27.4)
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patient survived in that year or a value of 0 if that patient died with 
probabilities in accordance with the mortality table values.

Once a complete 30-year follow-up is generated for each patient 
we can compute the average QALYs for the different treatments. 
We can thus compute the overall average QALYs and the average 
QALYs for patients with high CHADS2 and HEMORR2AGES 
scores to compare the differences in efficacy of the four therapies 
according to their reported scores.

Is crucial to notice that, unlike patients treated with Aspirin and 
Dabigatran, patients that were administered Warfarin had their 
overall utility also affected by the time on therapeutic range, TTR. 
TTR is the percentage of time the patients treated with vitamin K 
antagonists manage to stay inside their prescribed INR.

This is of paramount importance because, as it was proven by 
Stuart J. Connolly et al. in a study published on “Circulation – the 
Journal of American Heart Association”,9 little benefit exists over 
antiplatelet therapy if the TTR of the treated patients falls below a 
determined threshold that varies among countries and centers but 
can be estimated between 58% and 65% and is achieved by just two 
thirds of the sample.

As emerged from this study for patients at centers with TTRs 
above the median, ≥ 65%, oral anticoagulant, OAC reduced vascular 
events more than 2-fold, RR, 2.14; 95% CI, 1.61 to 2.85; P-value 
< 0.0001 while for patients at centers with mean TTRs below the 
median, < 65%, no statistical significant reduction in events occurred 
with OAC, relative risk, 0.93; 95% CI, 0.70 to 1.24; P-value= 0.61.

As a consequence, before putting the averages at comparison 
and re-iterate the simulation to see if there is any consistent and 
statistically relevant difference among the therapies, we must adjust 
the utility derived by the treatment with Warfarin by taking into 
account for the incremental “disutility” caused by not being in range, 
the target range defined by the guidelines in force now is an INR of 
2 to 3.10

[U]Wadjusted = [U]W ∈ range * p(range) + [U]Wnot ∈ rang * 

p(not ∈ range) 
Or
[U]Wadjusted = [U]W∈range - ([U]W ∈ range - [U]Wnot ∈ 

range) * p(not ∈ range) 
where 
[U]Wnot ∈ range = [U]noAF - ([U]noAF - [U]W ∈ range)*RR
To find “\ left\ \[U\ right\ \]\ \ no\ AF”  we run another simulation 

where the yearly utility of our hypothetical cohort of patients is only 
affected by the mortality rate values derived from our previous table.11

After having run 20 simulations we decide to use 10 as the average 
QALYs lived by the patients not affected by AF, mean: 10.035, 
standard deviation: 0.30 and to use such number as our base-case.

For what concerns the determination of RR we compute the 
proportion of patients who experienced an adverse event in both the 
first and the second two quartiles, so they are respectively divided 
into “not in range” and “in range” and divide the former by the latter.

(RR=(% of ”not\ in\ range\ “patients,adverse event)/(% of ”in\ 
range\ “patients,adverseevent))

We decide to base our calculations on the values including stroke, 
myocardial infarction, systemic embolism, vascular death and major 
hemorrhage due to their greater comprehensiveness.

Last but not least, we must remember that the implementation of a 
Markov model implies that the  outcomes are modeled as a transition 
from an health state to another, i.e. “well” in year 4 to “Myocardial 
Infarction” in year 5 and that we are assuming the transition 
probabilities remain constant notwithstanding the emergence of an 
adverse event or an occurred transition.
Results

After having run our simulation for 20 times we calculate the 
average QALYs lived under each therapy. 

As expected, if we take into consideration the whole cohort of 
patients we see that Warfarin, if well managed within the prescribed 
range, offers the highest outcome in terms of QALYs: 7.93, followed 
by Aspirin,7.61 QALYs and the two treatments with Dabigatran,7.57 
for the 2*150mg/die dose and 7.34 for the Dabigatran 2*110mg/die 
dose. 

The QALYs obtained with Warfarin, however, drop dramatically 
to 7.08 if they are adjusted by the portion of patients outside 
therapeutic range for more than 35% of the time, making Warfarin 

Figure 2: Average QALYs lived by patients at high risk of hemorrhage

Figure 3: Average QALYs lived by patients at high risk of hemorrhage

Table 3: patients distribution according to CHADS2 score

CHADS2  0-1 31,90%

CHADS2  2 35,60%

CHADS2  3-6 32,50%
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the least effective therapy.

If we now consider the patients at high risk of major bleeding 
events,HEMORR2AGES score ≥ 5, Aspirin proves to be the best 
choice at 6.87 QALYs, with 0.17 QALYs over Warfarin,TTR≥65%, 
0.37 QALYs over Dabigatran 2*150mg/die,6.50 QALYs, 0.43 
QALYs over Dabigatran 2*110mg/die,6.44 QALYs and 1.53 
QALYs over the adjusted Warfarin, 5.34 QALYs.

Dabigatran 2*150mg/die is instead the best alternative for patients 
at high risk of major stroke(CHADS2 score ≥ 3) with an average 
of 5.93 QALYS. The QALYs of the other therapies were: 5.44 for 
the Aspirin, 6.92 and 5.56 for Warfarin,TTR≥65% and TTR≤65% 
respectively and 5.10 for Dabigatran 2*110mg/die.

To sum up, Warfarin would be the best choice overall and 
especially for patients with high risk of stroke, but only provided that 
the therapy is managed  well enough to maintain the INR within the 
prescribed range for at least 65% of the treatment time. Nonetheless, 
even if most of the centers in almost all advanced countries succeed 
in keeping within range the vast majority of patients with AF, there 
are still many that are still not able to reach a TTR of 60%, among 
them, Belgium(9).

The therapy with Dabigatran, in its 2*150mg/die dosage, provides 
instead the most clinically safe solution for patients at high risk of 
stroke,CHADS2 score ≥ 3 unless INR control was excellent (i.e. top 
quartile).
Cost effectiveness in detail

 Applying the Incremental Cost-Effectiveness Ratio, ICER to 
Dabigatran 150mg twice daily and Warfarin using the following 
data:

€2.5 per tablet for Dabigatran 150mg
€1.5 per month, tablets + €450 per year, INR monitoring for 

Warfarin.12

We get an ICER of €7,759.48/QALY, meaning that every year in 
perfect health earned with Dabigatran cost less than €8,000 more 
than the alternative treatment with Warfarin.
Discussion

On the basis of what has been argued so far and the results of the 
complex statistical work just described, the clinical fields in which 
the analyzed oral anticoagulants optimally perform their therapeutic 
action in the treatment of atrial fibrillation have been identified and 
their relative cost effectiveness has been evaluated.

As a consequence the following considerations can be made:
For a patient with an average risk of major hemorrhage, (≈3%/y) 

the most cost-effective therapy depended on stroke risk. 
For patients with the lowest stroke rate (CHADS2 stroke score of 

0) only Aspirin was cost-effective. 
For patients with a moderate stroke rate (CHADS2 score of 1 or 

2) warfarin was cost-effective unless the risk of hemorrhage was high 
or quality of international normalized ratio control was poor, time in 
the therapeutic range <57.1%. 

For patients with a high stroke risk (CHADS2 stroke score ≥3), 
Dabigatran 150 mg, twice daily was cost-effective unless International 

Normalized Ratio control was excellent (i.e. time in the therapeutic 
range >72.6%). 

Neither Dabigatran 110 mg nor dual therapy (Aspirin and 
Clopidogrel) was cost-effective.

Is a clear need that all centers in which AF treatment takes place 
should attempt to achieve the highest possible TTR although this 
is challenging and the existing economic conditions of the health 
administration may oppose it. 

In any case, in the light of current data, it is essential that clinics, 
hospitals, and in general any medical center, assess the TTR achieved 
by its patients and even if the values of this parameter can vary greatly 
from subject to subject, it is necessary to set a minimum target TTR 
of 60-65%.

We would thus encourage the staff of medical facilities – that for 
biological, systematic, economic or other reasons cannot achieve 
proper TTR level – to prefer the use of Dabigatran to Warfarin or 
Aspirin in patients with atrial fibrillation.
Conclusion

 Our work are based on modeling and a set of prior data, it may thus 
be possible that the results of this simulation may not be applicable to 
settings, different to the one that was utilized.
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Introduction
Catheter ablation (CA) has become an accepted treatment 

option for recurrent, symptomatic, drug-resistant atrial fibrillation 
(AF). Isolating or encircling all accessible pulmonary veins (PVs) is 
identified as the cornerstone of any ablation approach. The number 
of operators and hospitals performing this procedure is increasing. 
Despite the satisfactory results justifying the introduction of CA 
in the international guidelines in selected patients also at an early 
AF management stage, safety of this procedure remains cause for 
concern.1,2 Complication rate range from 3.5% to 6.0%,3-10 but few 
data are present in Literature regarding the influence of age on 
incidence of complications.11-14 Females are considered at higher 
risk of complications in all percutaneous procedures.15,16 Recently an 
higher risk of complications has been reported in female undergoing 
AF catheter ablation too.7-10,17 Aim of the present study was to 

assess the influence of age and gender on incidence and severity 
of complications of CA for AF in an contemporary, unselected 
population of consecutive patients.
Methods
Study Population

 Clinical and procedural data concerning consecutive patients who 
underwent CA for AF in 29 Italian electrophysiology laboratories 
between January 1 and December 31, 2011 were collected. 

This observational study was approved by the local institutional 
review committees, and written informed consent was obtained from 
each patient.
Ablation

 Details of anticoagulation strategy and ablation protocols have 
already been reported.8 Briefly, all ablation strategies aiming at 
isolating or encircling the PVs (radiofrequency ablation, circular 
multielectrode ablation, cryoablation) were included in the Registry. 
Additional linear lesions in the right or left atrium were also allowed.
Definitions

 Major complications included all events that resulted in death or 
www.jafib.com Apr-May 2015| Volume 7| Issue 6
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permanent injury, prolonged or required intervention for treatment, 
or required or prolonged hospital stay beyond the scheduled period. 
Early tachyarrhythmias (AF or atrial tachycardia/flutter) were not 
included even if they required cardioversion to be terminated.18

Permanent sequelae included all events that resulted in death or 
permanent injury.

Vascular complications included: femoral hematoma, arteriovenous 
fistula, femoral pseudoaneurysm, and subclavian hematoma.

Hemodynamic complications included: PV stenosis, cardiac 
tamponade, pericarditis, and hemothorax.

Ischaemic complications included: ischemic stroke, transient 
ischemic attack, and acute myocardial infarction.
Data Collection

 The investigators were provided with the same data sheet for the 
collection of specific information on each ablation procedure. Data 
were gathered retrospectively by each investigator, and sent via a 
computerized database in Excel format (Windows 7, XP, or Mac) to 
the coordinating centre for analysis. Each author took responsibility 
for data integrity.
Statistical Analysis

 Normally distributed continuous variables were expressed as mean 

(SD) and compared with the Student’s T-Test. Skewed variables 
were expressed as median (25-75 %iles) and compared with the 
runk-sum test. Normality was assessed using the Shapiro-Wilk test. 
Categorical variables were presented as counts and percentages, and 
compared with chi-squared or Fisher’s exact test, as appropriate. The 
Linear by Linear Association test was used to test for a linear trend 
in proportions of complications across age groups.

At multivariate analysis, a logistic regression model was designed 
and stepwise backward selection was performed in order to identify 
significant and independent predictors of complications. The starting 
model included: gender; age (< or > 59 years); left ventricular 
ejection fraction (< or > 57%); and mean procedural duration (< or 
> 147 minutes). The mean value was used as cut-off to categorize
continuous variables (age, left ventricular ejection fraction, and mean
procedural duration). A significant increase in risk was obtained if
the 95% confidence interval exceeded 1 and the p value of the Wald
test was <0.05. 

Analysis was performed by means of SPSS (version 11.0, SPSS 
Inc., Chicago, Illinois, USA).
Results
Clinical And Procedural Data

 The final patient cohort included 2,323 consecutive patients 
[median age 60 (52-67) years; 72.3% male]. Distribution of age and 
gender among the study population is shown in Figure 1. 

An open irrigated-tip catheter was used in 2,169 cases (93.4%), 
while a cryo-balloon catheter and a circular multielectrode catheter 
were used in 97 (4.2%) and 57 patients (2.5%), respectively.
Major Complications

 No procedure-related death was observed. Major complications 
occurred in 94 patients (4.0%) (Table 1). Seven (0.30%) of these 
patients developed permanent sequelae: 3 ischemic stroke (0.13%); 2 
phrenic nerve paralysis (0.09%); 1 hemorragic stroke (0.04%); and 1 
myocardial infarction (0.04%).
Influence of Age on Complications

 There was a significant trend toward a greater incidence of 
complications with increasing age-group (Figure 2). In particular, the 
incidence of complications was 35/1066 (3.3%) in patients < 60 year-
old vs 59/1257 (4.7%) in those > 60 year-old (p=0.03). All 7 patients 
with permanent sequelae were older than 60.

Table 1: Major complications occurred in the 2,323 enrolled patients

Complication Patients 

Vascular access complications 50 (2.2%)

Femoral hematoma 28

Arteriovenous fistula 13

Femoral pseudoaneurysm 7

Subclavian hematomas 2

Cardiac tamponade 12 (0.5%)

Pericarditis 14 (0.6%)

Transient ischemic attack 5 (0.2%)

Stroke 4 (0.15%)

Ischemic 3

Hemorragic 1

Phrenic nerve paralysis 3 (0.1%)

Hemothorax 3 (0.1%)

Others 3 (0.1%)

Figure 1:
Distribution of age and gender among the study population. 
Males=black bar; females=grey bar. Absolute numbers are 
presented at the top of the bar

Figure 2: Distribution of complications among age groups. Major 
complications=grey bar; permanent sequela=black bar
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Influence of Gender on Complications
 Complications occurred more frequently in females than in males 

[44/522 (8.4%) vs 50/1801 (2.8%), p=0.001]. Females had a higher 
incidence of complications both among younger (< 60 years) [13/208 
(6.3%) vs 21/858 (2.4%), p=0.01] and older (> 60 years) patients 
[31/414 (7.5%) vs 29/843 (3.4%) p=0.01]. In subjects older than 60, 
6/414 (1.45%) females and 1/843 (0.12%) males (p=0.02) suffered 
from permanent sequelae (Figure 3).     

All types of complications (hemodynamic, vascular, and ischaemic) 
resulted significantly more frequent in females than in males (Figure 
4).

At multivariate analysis, female gender (OR 2.643, 95% CI 1.686 
to 4.143,  p<0.0001) and longer procedural duration (OR 2.195, 95% 
CI 1.388-3.473, p<0.001) independently predicted a higher risk of 
procedural complications.
Discussion
Main Findings

 In this large multicenter National study a greater incidence of 
complications after CA for AF was documented with increasing 
age. Permanent sequelae occurred only in older patients. Females 
presented a higher incidence of complications than males throughout 
all age-groups. All types of complications (hemodynamic, vascular, 
and ischaemic) resulted significantly more frequent in females than 
in males.
Influence of Age on Complications

 Radiofrequency CA has emerged as an important treatment option 
for refractory AF. The incidence of AF is higher in the elderly,19 
but this cohort of patients is usually underrepresented in clinical 
studies assessing the efficacy and safety of AF ablations. . Moreover, 
elderly patients with AF undergoing CA are often female with a 
higher incidence of structural heart disease and/or hypertension. 
Randomized trials20-22 have included few elderly patients, and the 
safety and efficacy of AF ablation was not adequately assessed in 
this subset. These limitations drove early guidelines for catheter 
ablation of AF to suggest a more conservative approach in the 
elderly. Recently, several Authors11-14,23 reported data on AF ablation 
in patients ≥ 66 years demonstrating that AF catheter ablation is 
safe and efficacious in older patients too. Thus, older age is not more 
considered a contraindication to AF CA in the recent guidelines.1,2  

Nevertheless, some concerns remain about the AF catheter ablation 
safety in the elderly. In several registries older age has been reported 
as a predictor of complication in AF catheter ablation. Shah et al7 
among 4.156 patients who underwent an initial AF ablation, found 
a 5% of periprocedural complications. Older age, female sex, prior 
AF hospitalizations, and recent hospital procedure experience 
were associated with a higher risk of complications and/or 30-day 
readmission after AF ablation. Deshmukh et al9 reported data on 
93801 patients with AF treated with catheter ablation from the 
Nationwide Inpatient Sample data set from 2000 to 2010. Catheter 
ablation of AF in older patients (age >80) was associated with a 
higher total complication rate (9.37 %) in comparison with younger 
patients (age <80, p<0.001). The results of our study confirms these 
findings showing a significant trend toward a greater incidence of 
complications with increasing age-group . Of note all 7 patients with 
permanent sequelae were older than 60. Although these data arise 
some concerns about the AF ablation in the elderly they seem to 
further support the safety of AF catheter ablation when used as first 
line therapy in younger patients. The lack of severe complications in 
these subgroup seems to confirms the data of Leong-Sit P et al24 
which demonstrated that in patients younger than 45 years, there is a 
lower major complication rate and a comparable efficacy rate, with a 
greater chance of being AF free without antiarrhythmic drugs.
Influence of Gender on Complications

 Although women are undergoing fewer AF ablations procedures 
than men, female gender has been identified as a predictor of 
complications of AF ablation in several studies.7-10,17 Our results 
confirmed this finding.

The increased procedural risk for women undergoing AF 
ablation was consistent with a more than 2-fold higher risk of 
vascular complications than men15,16 during percutaneous coronary 
intervention. Smaller body size and vessels and higher levels of 
anticoagulation among women have been suggested7 as a possible 
explanation for the high percentage of vascular complication. The 
smaller body size of women carries also a smaller heart size. Smaller 
chamber size in women may theoretically restrict the manipulation 
of catheter, which leads to the lower success rate in women25 and 
could increase the catheter manipulation related complications. Of 
note in our study. 

female gender predict not only vascular complication but every 
kind of complications.

Figure 4: Incidence of different types of major complications according to 
gender. Males=black bar; females=grey bar

Figure 3:
Incidence of major complications according to gender among age 
groups. Major complications=grey bar; permanent sequela=black 
bar
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Introduction
While well known in patients with prior ablation or cardiac 

surgery, left atrial tachycardias in patients without previous surgery 
or ablation are much less common.  The available literature suggests 
that spontaneous scarring in characteristic areas of the left atrium 
produces the substrate for marcroreentry, which commonly involves 
the mitral valve and right-sided pulmonary veins.  These rhythms 
can be successfully ablated by targeting isthmuses of slow conduction 
created either between adjacent areas of scar or between an area of 
scar and an anatomical barrier.  We describe the electrophysiological 
findings and results of ablation in a patient with scar-related 
macroreentrant left atrial tachycardias without prior surgery or 
ablation.
Case Presentation

A 64 year-old man with a history of hyperlipidemia and coronary 
artery disease with a previous stent to the right coronary artery 
for angina, and a prior ablation for typical cavotricuspid isthmus-
dependent atrial flutter presented with intermittent palpitations. An 
echocardiogram showed an ejection fraction of 60% with normal 
valvular function, a normally sized left atrium (LA), and no wall 
motion abnormalities. A 12-lead EKG of the presenting rhythm 
(Fig. 1) showed an atrial tachycardia (AT) with an atrial cycle length 
of approximately 220ms.

The patient presented to the electrophysiology laboratory in sinus 
rhythm. An AT with a cycle length and morphology similar to that 
shown in Fig 1 was induced. The earliest activation on the decapolar 
coronary sinus (CS) catheter was seen in CS 3-4 (Fig 2A). Ablation 

and circular mapping catheters were delivered to the LA via double 
transseptal punctures. Examination of the endocardial LA revealed 
large areas of decreased voltage (<0.5mV) on the anterior, septal, and 
posterior aspects of the LA, as well as on the roof (Fig 3A, B, and C).

An activation map of the initial tachycardia (AT1) suggested a 
double-loop pattern of reentry with an isthmus of tissue between 
two areas of dense scar near the posterior right-sided pulmonary vein 
carina acting as the common pathway (see Fig 4A and Propagation 
video #1). Ablation lesions were applied connecting areas of scar 
surrounding the circuit (Fig 3C, arrows), first resulting in variable 
exit block (Fig 5B), then complete isolation of the circuit with 
resumption of sinus rhythm in the body of the atrium (Fig 5C). 
Ablation of fractionated EGMs in the common isthmus (Fig 3C, 
asterisk) resulted in termination of the isolated tachycardia (Fig 5C). 

Burst pacing from the CS initiated a second tachycardia (AT2) 
with left to right CS activation (Fig 2B).  Entrainment demonstrated 
that two separate CS bipoles were included in the circuit (Fig 6A and 
B), and an electroanatomic activation map confirmed the diagnosis 
of perimitral flutter (Fig 4B and Propagation Video #2). An ablation 
line was created from pre-existing scar in the anterior LA to the 
mitral valve (Fig 3A), resulting in termination of AT2. 

Burst pacing from the CS initiated a third tachycardia (AT3). The 
CS activation sequence of AT3 was reminiscent of perimitral flutter, 
and may have been mistaken for a recurrence of AT2. However, 
placement of the ablation catheter distal to the distal CS electrode 
indicated nonlinear activation of the CS, which is inconsistent with 
perimitral activation (Fig 2C). Furthermore, entrainment of the 
proximal CS was inconsistent with its participation in the circuit 
(Fig 6C). An activation map was created (Fig 4C and Propagation 
Video #3), showing AT3 to be a reentrant circuit rotating around the 
anterior scar and breaking through the previously created mitral line. 
Additional ablation in the region of the anterior mitral line resulted 
in termination of the tachycardia.

No other tachycardias were inducible, and the patient has remained 
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associated with scar were targeted for ablation.
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free of palpitations in two years of follow-up.
Discussion

 We describe a case of multiple left atrial reentrant circuits 
associated with endocardial scarring in a patient with no prior 
ablation or surgery and an apparently structurally normal heart.  
Literature on the study of atrial tachyarrhythmia is hampered by 
heterogeneity in terminology. Traditionally, organized non-sinus 
atrial tachyarrhythmias have been classified as either atrial flutter or 
atrial tachycardia (AT) based upon the surface EKG characteristics 
of an upper atrial rate cutoff of 240-250/min and an isoelectric 
baseline between atrial deflections as defining AT.1 However, this 
classification is insensitive to mechanism, which has become more 
precisely understood as mapping technology has advanced. In 
practice, many electrophysiologists utilize the term atrial flutter to 
describe a macroreentrant circuit, and atrial tachycardia to describe 
a focal mechanism. This classification is insensitive to rate, and 
presupposes a knowledge of the tachycardia mechanism, which may 
be apparent only after invasive study.   We will use the term atrial 
tachycardia to generally describe an organized atrial tachyarrhythmia 
of non-sinus origin, and atrial macroreentrant tachycardia (AMRT) 
to describe an atrial rhythm due to a reentry circuit of measurable 
size with fixed and/or functional barriers. 

Left atrial tachycardia (LAT) is commonly seen after atrial 
fibrillation ablation, occurring with a frequency of 3-30%.2 Areas 
of incomplete prior ablation frequently provide regions of slow 
conduction that may used as substrates for reentry.2-4 However, LAT 
occurring in a naïve and structurally normal heart is less common. 
Focal LAT has been described as occurring in between 9 to 37% of 

all focal tachycardias,5 but left AMRT may be less common than that, 
occurring in 2.6% of all organized atypical reentrant tachycardias 
described in one series,6 and comprising only 10% of all patients 
referred for any type of LAT ablation in another.7 

The available literature suggests that in these patients, macroreentry 
is associated with regions of atrial scarring, particularly in the 
anterior, superior, and posterior aspects of the LA near the right-
sided pulmonary veins, which can encompass a significant portion 

Figure 1: Twelve-lead EKG of clinical tachycardia

Figure 3:

Voltage maps of the LA shown in modified AP (A), right lateral (B), 
and PA (C) views. AT1 was a double-loop reentry centered around 
the isthmus of tissue in between two scars near the posterior 
carina of the two right sided pulmonary veins (asterisk). Ablation 
(performed at the site of the black arrows) connecting adjacent 
regions of scar resulted in isolation of tachycardia with resumption 
of sinus rhythm in the main body of the atrium. EGMs at the site 
of the asterisk were fractionated, and ablation there resulted in 
termination of tachycardia. See text

Figure 2:
The CS activation sequences of AT1 (A), AT2 (B) and AT3 (C) are 
shown. In 2B, the ablation catheter (ABL) is located anterior to the 
CS os. In 2C, ABL D is located just distal to the distal CS electrode Figure 4: Activation maps of AT1 (A), AT2 (B), and AT3 (C)
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of the atrial mass (on average 25%8). Narrow isthmuses of tissue 
between adjacent areas of scar or between an area of scar and an 
anatomic barrier (such as the mitral annulus) frequently demonstrate 
fractionated, long-duration electrograms, which create the substrate 
for reentry, and can be successfully targeted by ablation.7,8 Acute 
success rates for ablation are as high as 82%,6 although recurrence 
rates may be as high as 20-45% in medium-term follow-up.6-8 The 
arrhythmias seen commonly involve either the right-sided pulmonary 
veins and/or the mitral valve, with double-loop reentry implicated in 
a substantial number of cases.6,7

The diagnosis of left AMRT may not be suspected prior to invasive 
study, since patients do not have common risk factors for left-sided 
arrhythmias. A left-sided origin may be suggested on the surface 
EKG by the presence of an upright or isoelectric p-wave in V1,7 but 
focal mechanism is frequently suspected, since isoelectric intervals 
between p-waves corresponding to long-duration fractionated 
EGMs are commonly encountered.7,8  

The case we describe parallels many of the features typically found 
in these patients. We induced three tachycardias associated with scars 
in the anterior, superior, and posterior aspects of the LA. The ability 
to map the entire the cycle length, the demonstration of critical 
isthmuses of conduction, and the response to entrainment suggest 
these rhythms were reentrant.

Ablation between regions of adjacent scar was used first to isolate, 
then to terminate, AT1, which was a double-loop reentry circuit near 
the posterior right-sided venous carina. AT2 was a perimitral flutter 
passing through an area of fractionation between the anterior scar 
and the mitral annulus. Ablation through this area, connecting the 
scar with the valve annulus, terminated tachycardia. AT3 rotated 
around an anterior scar and passed through the same isthmus of 
tissue utilized in AT2. Although these features were present in the 
atrium at baseline, AT3 was induced after ablation was performed 
in this region, and as such we cannot rule out an iatrogenic etiology. 

Rapidly distinguishing between distinct arrhythmias that may 
appear similar in the limited number of fixed bipoles available in 
a typical study is key for the electrophysiologist ablating multiple 
ATs. Failing to recognize arrhythmia transformation can result in 

inaccurate activation maps and prolonged procedure times. Strategic 
sampling of activation and entrainment points can, in some cases, be 
used to rapidly guide AT mapping. 
Conclusion

 In our patient, the CS activation and cycle lengths of AT2 and 
AT3 were similar (Fig 2B and 2C). In the case of AT2, performing 
entrainment from two different CS locations (Fig 6A and B) rapidly 
suggested a perimitral circuit, which could then be confirmed with 
activation mapping. Similarly, in the case of AT3, placing the mapping 
catheter distal to the distal CS electrode rapidly demonstrated 
nonlinear CS activation, and entrainment from the proximal CS 
(Fig 6C) confirmed that a recurrence of perimitral flutter could be 
ruled-out, allowing the focus to shift to mapping a new arrhythmia. 
This case also demonstrates the utility of fully assessing scar burden, 
when present, in patients with multiple tachycardias, as scars may be 
implicated in either the genesis of the arrhythmia and/or be targeted 
by ablation.
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Figure 5:

A) AT1 is shown, with 1:1 conduction out of the circuit to the rest 
of the atrium. Ablation connecting areas of scar around the circuit 
resulted in variable block (B), then isolation of the circuit from 
the remainder of the atrium, which converted to sinus rhythm (C). 
Ablation of fractionated signal tissue in the common isthmus of the 
circuit resulted in termination of the isolated tachycardia (C). The 
circular mapping catheter (Lasso 1-20) is positioned in the right 
upper pulmonary vein

Figure 6:

Entrainment of AT2 from CS 5-6 (A) and distal CS (B) at an S1 of 
210ms demonstrates post-pacing intervals of 227ms and 225ms, 
respectively. The tachycardia cycle length of AT2 was 220ms. 
C) Entrainment of AT3 from proximal CS at an S1 of 220ms 
demonstrates a post-pacing interval of 273ms. The cycle length of 
AT3 was 232ms
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Introduction
Each patient prior to the cryoballoon ablation underwent a 64-slice 

multidetector computed tomography (CT) of the heart with contrast 
to define the pulmonary vein anatomy. On the day of the procedure, 
the operator reviewed the CT scan for pulmonary veins anatomy and 
size. The CT scan data was uploaded to the ENSITE NavX® System 
(Endocardial Solutions Inc., USA) for display during the ablation. 
The FlexCath catheter (Medtronic, Minneapolis, MN) was used to 
guide the ArcticFront  cryoballoon (Medtronic, Minneapolis MN). 
A circular mapping catheter (Achieve, Medtronic, Minneapolis 
MN) was used to map the pulmonary veins and for stability of the 
cryoballoon. A 28 mm cryoballoon was inflated and positioned at the 
ostium of each pulmonary vein. The rest of the ablation procedure 
was carried out in a standard fashion as previously described (1).

Case 1: A 54-year-old man with history of hypertension and 
paroxysmal AF presented for cryoballoon pulmonary vein isolation. 
He previously failed treatment with antiarrhythmic medications and 

radiofrequency ablation. Contrast enhanced CT scan and 3D ESI 
mapping system showed a posterior bulging trunk rising from the 
posterior wall. The left and right superior pulmonary veins drained 
separately into the atrium proper. The left and right inferior veins 
joined a common infundibulum before draining into the medial wall 
of the left atrium forming a separate semi-chamber. The width of 
the infundibulum was 3.1 cm. The coronary sinus extended inferiorly 
to the semi-chamber.  The esophagus coursed behind an early 
bifurcation of the left inferior pulmonary veins (Figures 1-2). 

Cryoballoon ablation was performed with emphasized attention 
to the phrenic nerve. Diaphragmatic capture was monitored through 
compound motor action potentials (CMAP) and by manual tactile 
monitoring of right-sided diaphragmatic stimulation. There were no 
significant difficulties during the ablation. A total occlusion of the 
pulmonary veins with the cryoballoon was confirmed with contrast 
injection. Isolation of each of the pulmonary veins was achieved with 
one freeze and one bonus freeze. The left inferior pulmonary vein 
required two freezes for isolation and one bonus freeze. The lowest 
temperature reached was -60 C at the left superior vein. Left atrial 
dwell time was 82 minutes. The median left atrial dwell time at 
that center was 110 minutes. Follow up at 6 months confirmed the 
absence of recurrent atrial fibrillation.

Case 2: A 64-year-old female with a history of coronary 
vasospasm presented with persistent atrial fibrillation despite several 
radiofrequency ablation procedures. She was planned for a hybrid 
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Abstract
The number of patients referred for ablation of atrial fibrillation (AF) has been increasing with the advent of cryoenergy use in addition 

to the preexistent radiofrequency therapy for pulmonary vein isolation. Successful pulmonary vein isolation using cryoballoon is immensely 
dependent on the atrial and the pulmonary vein anatomy. Presented here are three successfully completed cases out of 351 cryoballoon 
ablations, performed in two centers from January 2010 to December, 2013 found to have unique pulmonary vein anatomy not previously 
described in association with cryoballoon. Prior to the procedure, these patients had undergone CT Angiography to determine pulmonary vein 
anatomy and size. During the procedure, The FlexCath catheter and a circular mapping catheter were used to map the pulmonary veins and 
for stability of the cryoballoon, after which the standard cryoballoon technique was performed. All three cases where successful cryoablations, 
despite the variant anatomy. Further improvements to cryoballoon technology will further shed light on these variant anatomies and make 
cryoablation more amenable in the future.
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ablation procedure with minimally invasive epicardial approach using 
NContact deviceTM (nContact, Morrisville,  NC) and endocardial 
ablation with 28 mm cryoballoon.  Computed tomography of the 
heart demonstrated conjoined right and left inferior pulmonary veins 
with common drainage into the left atrium. Figure 3 is an illustration 
of an elongated carina between the superior and inferior veins. 
Epicardial ablation of the left atrial posterior wall was performed 
with the NContact device. Pulmonary vein reconnection was noted 
at the carina between the right superior and inferior veins as well as 
the roof/antrum of the superior veins. Cryoballoon ablation isolated 
each superior vein and cryothermal energy delivery at the complex 
right carina isolated the right inferior vein.  At six months of follow 
up, the patient had no recurrence of atrial fibrillation (Figure 3).

Case 3: A 62-year-old male with a history of apical hypertrophic 
cardiomyopathy on amiodarone therapy presented for cryoballoon 
ablation. Ambulatory cardiac monitoring recorded a high burden 
of paroxysmal atrial fibrillation. CT scan showed the infundibulum 
conjoining the right and left inferior veins (Figure 3).  The right 
and left inferior veins were ablated individually. Segmental balloon 
freezes were additionally applied around the antrum of the conjoined 
inferior pulmonary vein, isolating this structure. Follow up at one year 
did not reveal any further complication and cardiac event monitoring 
did not reveal any recurrence of atrial fibrillation.
Discussion

The abnormal pulmonary anatomy outlined above, though rare, can 
prove itself to be difficult in the setting of pulmonary vein isolation. 
Among 351 consecutive atrial fibrillation ablation cases three such 
abnormalities were reported (<1%). CT scan was available prior to 
each procedure which allowed the operator to review the anatomical 
variation and plan the ablation procedure accordingly.  The 64-slice 
multidetector computerized tomography with improved temporal 
and spatial resolution is one of the most commonly used tests for 
evaluation of pulmonary veins position, anatomy, geometry, and 
relation to other intrathoracic organs. MRI is another modality that 
is widely used also to anticipate unusual anatomy and to determine 
size and shape of the pulmonary veins orifice prior to cryoballoon 
ablation.1

Contralateral veins joining into an atrial infundibulum have 
seldom been described.2-3 More so, the isolation of these structural 
variations has not been previously described with cryoablation. In all 

of the above cases, knowing the unique cardiac anatomy prior to each 
study was imperative to procedure planning. Preprocedural imaging 
provides the anatomy of left atrium, its dimension and the presence 
or absence of left atrial thrombus.4 It also delineates the pulmonary 
veins with precise measurement of each ostial diameter, the distance 
to the first branch and allows the identification of accessory or 
supernumerary PVs. Imaging also allows recognition of major but 
rare anomalies such as persistent left superior vena cava, vein of 
Marshall, anomalous pulmonary venous return, a common ostium 
for veins, and hypoplastic or occluded pulmonary vein. 

Common ostia most commonly receive ipsilateral veins but in 
this series the infundibulum collected blood from two contralateral 
veins either in a pedunculated or sessile manner.5 Radiofrequency or 
cryoballoon ablation techniques can be challenging in the presence of 
such abnormalities. Ablation of the common pulmonary vein using 
radiofrequency energy would usually require a large circumference 
and a continuous line to achieve pulmonary vein isolation. The latter 
technique is tedious since it relies on point to point ablation to form 
a continuous block line. Alternatively, a cryoballoon approach can 
be adopted. The common pulmonary vein would most likely require 

Figure 2:

2A: Axial contrast-enhanced CT angiogram images of the 
pulmonary veins originating from the posterior left atrial trunk. 
2B:  ESI Navx 3 D mapping showing conjoined sessile inferior veins 
and prolonged carina between inferior and superior veins

Figure 1:

ESI NavX 3D mapping images of the left atrial posterior bulging 
trunk and originating pulmonary veins. LIPV=Left inferior 
pulmonary vein. LSPV= left superior pulmonary vein. RIPV= right 
inferior pulmonary vein. RSPV= right superior Pulmonary vein
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a segmental ablation using the cryoballoon, if the diameter of the 
common ostium is larger than the diameter of the cryoballoon. It 
might also require repetitive freezes if the ostium is oval leading 
to complete occlusion by the spherical balloon. Nevertheless, 
cryoballoon might be the preferred method of choice in the presence 
of confluent veins as it offers a much larger surface of contact and 
a perfect occlusion if the catheter is correctly manipulated during 
segmental freezing.6  Vogt et al. had published that the cumulative 
freedom from atrial fibrillation after one year of pulmonary vein 
isolation with cryoballoon was 62%, all shapes and locations of 
pulmonary veins included.7

Adjunctive imaging such as CT is crucial for a safe ablation.8 
Preprocedural imaging is performed to identify pulmonary anatomy 
and anomalous pulmonary veins. Sorgente et al. had retrospectively 
studied the inverse relationship between the ovality index (ratio 
between vertical and horizontal diameter) of the left pulmonary veins 
and the degree of occlusion at the interface of the cryoballoon and the 
ostium. An inverse relationship also exists between the orientation of 
the ostium and the degree of occlusion.8 Another study by Kubala 
et al. evaluated pulmonary vein anatomy in 118 patients with either 
paroxysmal (72%) or persistent (28%) atrial fibrillation.9 The authors 
demonstrated that the presence of a normal pulmonary pattern is 
associated with lower rates of AF recurrence at 13 months of follow 
up, if compared with patients with left common ostia (67% vs. 50%, 
P = 0.02). A future malleable cryoballoon may be able to conform to 

the shape of the pulmonary vein ostium and the atrium, improving 
upon current technologies. 

In our series, two of the three (the third case did not have prior 
radiofrequency ablation, it was a de novo cryoballoon) cases had failed 
radiofrequency ablation. Failure might be related to the challenging 
anatomy of the veins as well as prolonged carina between inferior and 
superior veins. 

 The motion of the heart with each heartbeat and with breathing 
impedes the application of a constant force during radiofrequency 
ablation. An excessive force could lead to cardiac perforation and 
a suboptimal contact would result in a partial thickness lesion.  A 
ThermoCool® SmartTouch™ by Biosense Webster is a relatively 
new technique that allows adjustment of the radiofrequency power 
according to the contact force sensed by the catheter thus avoiding 
the occurrence of steam pops, impedance rise and perforation.10-11  
In the absence of such a technique, cryoablation is a successful 
alternative. Due to its ability to stick on tissue, cryoballoon ablation 
circumvents the problems created by varying contact force and allows 
the delivery of an equivalent high contact force to all surfaces of the 
ablated area.12  Several phased radiofrequency catheters have been 
engineered to allow more efficient application and delivering of the 
energy, including the irrigated multipolar ablation catheter nMARQ13 
and the pulmonary vein ablation catheter.  These circular ablators 
could be of benefit especially when faced with abnormal anatomic 
pulmonary veins. Nevertheless, no head to head comparison exists 
between these catheters and the cryoballoon and the safety of these 
catheters in avoiding subclinical esophageal and cerebral lesions is yet 
to be determined.14 A more novel technology termed laser balloon 
may also be useful in isolating conjoined pulmonary veins as it was 
shown to be as efficient as cryoballoon ablation for drug resistant 
paroxysmal atrial fibrillation.15

Conclusion
 The drainage into the left atrium of two controlateral veins can 

rarely be conjoint with or without an infundibulum. In all such three 
cases, cryothermal ablation was able to achieve a good short and long 
term outcome as bidirectional block was achieved without recurrence 
of atrial fibrillation at >6months. Our approach suggests an alternative 
to point by point ablation with radiofrequency energy and suggests 
that ablation tools that are able to form contiguous lesion sets may 
offer a preferred approach in this rare structural anatomy.
References
1. Knecht S, Kuhne M, Altmann D, AMMann Anatomic predictors for acute and

mid term success of cryoballoon ablation of atrial fibrillation using the 28 mm
balloon. J Cardiovasc Electrophysiology. 2013; 24(2):132-138

2. Dukkipati S, Holmvang G, Scozzaro M, D’Avila A, Reddy VY, Mansour M. An
unusual confluence of the inferior pulmonary veins in a patient undergoing catheter 
ablation for atrial fibrillation. J Cardiovasc Electrophysiol. 2006;17(9):1034

3. Prevalence, morphological and electrophysiological characteristics of confluent
inferior pulmonary veins in patients with atrial fibrillation. Circ J 2008; 72:1285-
90

4. Andrade JG, Dubuc M, Guerra PG, Macle L, Rivard L, Roy D, Talajic M,
Thibault B, Khairy P. Cryoballoon ablation for atrial fibrillation. Indian Pacing
Electrophysiol J. 2012;12(2):39-53. 

5. Yamane T, Date T, Sugimoto K, Mochizuki S. Confluent inferior pulmonary
veins in a patient with paroxysmal atrial fibrillation. Journal Cardiovascular
Electrophysiology. 2005; 16(1): 107.

6. Ho SY, Cabrera JA, Sanchez-Quintana D. Left atrial anatomy revisited. Circ

Figure 3:

A: Case 3.Voltage map post ablation shows the development of low 
voltage scar areas at the site of freezing at the origins of all four 
veins.  LAA=Left Atrial Appendage; LIPV=Left Inferior Pulmonary 
Vein; LSPV=Left Superior Pulmonary Vein; RIPV=Right Inferior 
Pulmonary Vein; RSPV=Right Superior Pulmonary Vein
B: Case 3. ESI 3D NavX system.  Image shows the right and left 
inferior pulmonary veins rising from a common infundibilum from 
the posterior wall of the left atrium



www.jafib.com Apr-May 2015| Volume 7| Issue 6

Featured ReviewJournal of Atrial Fibrillation Featured ReviewJournal of Atrial Fibrillation21 Case Report
Arrhythm Electrophysiol. 2012; 5(1):220-228.

7. Vogt J, Heintze J, Gutleben KJ, Muntean B, Horstkotte D, Nölker G. Long-term
outcomes after cryoballoon pulmonary vein isolation: results from a prospective
study in 605 patients. J Am Coll Cardiol. 2013; 61(16): 1707-1712.

8. Sorgente A, Chierchia GB, de Asmundis C, Sarkozy A, Namdar M, Capulzini L, 
Yazaki Y, Müller-Burri SA, Bayrak F, Brugada P. Pulmonary vein ostium shape
and orientation as possible predictors of occlusion in patients with drug-refractory 
paroxysmal atrial fibrillation undergoing cryoballoon ablation. Europace. 2011;
13(2): 205-212.

9. Kubala, M., Hermida, J.-S., Nadji, G., Quenum, S., Traulle, S. And Jarry, G. (2011), 
Normal Pulmonary Veins Anatomy is Associated with Better AF-Free Survival
after Cryoablation as Compared to Atypical Anatomy with Common Left
Pulmonary Vein. Pacing and Clinical Electrophysiology. 2011; 34 (7): 837–843.

10. Marijon E, Fazaa S, Narayanan K, Guy-Moyat B, Bouzeman A, Providencia
R, Treguer F, Combes N, Bortone A, Boveda S, Combes S, Albenque JP. Real-
Time Contact Force Sensing for Pulmonary Vein Isolation in the Setting of
Paroxysmal Atrial Fibrillation: Procedural and 1-Year Results. J Cardiovasc
Electrophysiol.2014; 25(2): 130-137

11. Neuzil P et al. Electrical reconnection after pulmonary vein isolation is contingent 
on contact force during initial treatment: results from the EFFICAS I study. Circ
Arrhythm Electrophysiol 2013;6:327-33

12. Kuck KH, Reddy VY, Schmidt B, Natale A, Neuzil P, Saoudi N, Kautzner J,
Herrera C, Hindricks G, Jaïs P, Nakagawa H, Lambert H, Shah DC. A novel
radiofrequency ablation catheter using contact force sensing: Toccata study. Heart 
Rhythm. 2012; 9(1): 18-23

13. Rosso R, Halkin A, Michowitz Y, Belhassen B, Glick A, Viskin S. Radiofrequency 
ablation of paroxysmal atrial fibrillation with the new irrigated multipolar
nMARQ ablation catheter: Verification of intracardiac signals with a second
circular mapping catheter. Heart rhythm. 2014; 11(4): 559-565.

14. Deneke T, Schade A, Müller P, Schmitt R, Christopoulos G, Krug J, Szöllösi G, 
Mügge A, Kerber S, Nentwich K. Acute Safety and Efficacy of a Novel Multipolar 
Irrigated Radiofrequency Ablation Catheter for Pulmonary Vein Isolation. J
Cardiovasc Electrophysiol. 2014; 25(4): 339-345.

15. Bordignon S, Chun KR, Gunawardene M, Fuernkranz A, Urban V, Schulte-Hahn 
B,Nowak B, Schmidt B. Comparison of balloon catheter ablation technologies for 
pulmonary vein isolation: the laser versus cryo study. J Cardiovasc Electrophysiol. 
2013; 24(9): 987-994.



Cardiac Plug I and Amulet Devices: Left Atrial Appendage Closure 
for Stroke Prophylaxis in Atrial Fibrillation
Akhil Parashar MD1, E. Murat Tuzcu MD, FACC, FSCAI2, Samir R Kapadia MD, FACC, FSCAI2

1Medicine Institute, Cleveland Clinic Foundation, Cleveland, OH. 2Sones Cardiac Catheterization Laboratories, Heart and 
Vascular Institute, Cleveland Clinic Foundation, Cleveland, OH

Disclosures:
None.

Corresponding Author:
Samir R Kapadia, MD FACC FSCAI
Professor, Cleveland Clinic-Lerner College of Medicine,
Director, Sones Cardiac Catheterization Laboratories,
Department of Cardiovascular Medicine,
Cleveland Clinic Foundation,
9500 Euclid Avenue, J2-3
Cleveland, Ohio 44195.

Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia 

to affect the population, with some estimates placing it’s prevalence 
up to 2% in the general population.1 Stroke is the most common 
morbidity associated with atrial fibrillation, especially in the elderly 
where up to a third of strokes may be attributed to atrial fibrillation.2,3 
Data from the European Community Stroke project showed that 
strokes associated with atrial fibrillation have a significantly worse 
outcome both in terms of quality of life and mortality.4

Hence, stroke prophylaxis is a cornerstone of management of atrial 
fibrillation. Anti-coagulation with warfarin has been the benchmark 
of stroke prevention in atrial fibrillation. Current use of warfarin as 
a stroke prevention agent in patients with AF is associated with a 
decreased rate of residual stroke or systemic embolism (1.6% per 
year).5 However, over the past few years, newer oral anti-coagulants 
(NOAC) – factor Xa inhibitors and direct thrombin inhibitors have 
emerged as exciting alternatives to warfarin to achieve the same 
goal.6 The most recent guidelines recommend anti-coagulation 
therapy for everyone with non-valvular atrial fibrillation with prior 

stroke, transient ischemic attack (TIA), or a CHA2DS2-VASc score 
of 2 or greater (CHA2DS2-VASc indicates Congestive heart failure, 
Hypertension, Age ≥75 years (doubled), Diabetes mellitus, prior 
Stroke or TIA or thromboembolism (doubled), Vascular disease, 
Age 65 to 74 years, Sex).7,8 However, all forms of anticoagulation 
increase the risk of both intracranial and extra cranial bleeding, and 
approximately 30% to 50% of patients with AF are ineligible to 
receive anticoagulation.9 

The left atrial appendage (LAA) is an out-pouching structure in the 
adult left atrial chamber and persists as a remnant of the embryonic 
left atrium. In atrial fibrillation, the LAA acts as a site of blood stasis 
which is thought to significantly increase the risk of thrombogenesis 
and subsequent systemic embolization of a clot commonly leading 
to ischemic strokes.10 Current estimates put the risk of thrombus 
formation at 15% in patients with non-valvular atrial fibrillation and 
the LAA as the site for clot formation in >90% of these cases.11,12

The surgical approach of excluding the left atrial appendage from 
the circulation has been previously explored, and it was fraught with 
high rates of incomplete closure, which in turn led to increased stroke 
risk.13 Percutaneous left atrial appendage occlusion devices offer a 
viable alternative to oral anticoagulants in patients who are deemed 
high risk for bleeding or are otherwise ineligible to receive anti-
coagulation. In the following sections we extensively review evidence 
behind two generations of one such device, designed exclusively 
for the minimally invasive endocardial approach towards closure of 
the left atrial appendage. The device includes the first generation 
Amplatzer cardiac plug (ACP) and an improved second generation 
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Abstract
Percutaneous left atrial appendage (LAA) occlusion has emerged as an exciting and effective modality for stroke prophylaxis in patients 

with non-valvular atrial fibrillation who are deemed too high risk for anticoagulation with warfarin or newer anticoagulants. The Amplatzer 
devices have been used in LAA occlusion for more than a decade, starting with off label use of an atrial septal occluder device for LAA 
occlusion. This was followed by introduction of a dedicated Amplatzer cardiac plug (ACP) 1 for LAA occlusion, and more recently, the second 
generation Amulet device, with reported better stability enhancing features, has been introduced. Both these devices are widely used outside 
the United States, however in the US only the WATCHMAN device has been FDA approved. Unlike the WATCHMAN device, where the evidence 
is continuously building as the data from two pivotal randomized controlled trials are emerging, most of the evidence for ACP devices is 
from pooled multicenter registry data. In this article, we review the device design, implantation techniques and the most recently published 
evidence for both the Amplatzer cardiac plug 1 and the newer Amulet device. Our goal is to summarize the most recent literature and discuss 
the current role of the Amplatzer devices in the exciting and rapidly growing field of percutaneous LAA occlusion. 
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Amulet device.14 In this review we summarize the indications, device 
design, implantation technique, current literature on outcomes and 
future scope of the Amplatzer devices.
Device Design
Amplatzer Cardiac plug (ACP) 1

The system consists of a delivery catheter, a deployment wire and 
the self-expanding plugging device made of nitinol mesh with two 
polyester patches sewn to a lobe in the distal part and a disc in the 
proximal segment which are connected via an articulated waist. 
The design is aimed at sealing the body and ostium of the LAA, 
respectively, using the “pacifier effect.’ The lobe is usually implanted 
10 mm inside the LAA body, and the anchoring mechanism is aided 
by six pairs of stabilizing wires. The device is available in 16, 18, 20, 
22, 24, 26, 28 and 30 mm (with 9, 10 and 13 F sheaths) corresponding 
to LAA diameters of 12.6 to 28.5 mm. The device has to be manually 
loaded into the delivery cable before implantation.
Amulet

 The Amulet or ACP 2 is the second generation of the ACP device 
which retains the basic structure of ACP 1 with some significant 
improvements.14 The device has a pre-loaded system eliminating the 
need for manual loading and also has stiffer stabilizing wires. It is 
also available in larger disc diameters, longer lobe and waist length, 

thus usually implanted approximately 12 mm inside the LAA cavity. 
Larger sizes of 31mm and 34mm are also available, comprised of 
more stabilizing wires. The inner wire allows re-evaluation of the 
device orientation thereby allowing more room for post-deployment 
adjustment. The Amulet device, as of this writing, is undergoing a 
modification of its delivery systems with a plan of a relaunch soon15 
(Figure 1).
Guidelines for Percutaneous LAA Occlusion

There is a wide variation in the indications for Percutaneous LAA 
occlusion, depending on the region of the world and the existing 
regulatory framework.  The recent AHA/ACC atrial fibrillation 
guidelines do not mention percutaneous LAA occlusion, as the 
WATCHMAN device was just recently approved by the food and 
drug administration (FDA).7 All device implantations in the United 
States have been experimental in patients considered high risk for 
bleeding with anticoagulation. The Amplatzer Cardiac Plug device 
is currently not approved for use in the USA on a commercial 
basis. However, the European Society of Cardiology in its focused 
update to atrial fibrillation guidelines in 2012 offered a class IIb 
recommendation for percutaneous LAA closure (Level of evidence 
B) in patients with high stroke risk who are otherwise ineligible 
for long term oral anticoagulation.8 There are no specific data on 
comparability of different percutaneous devices; hence there are 
no specific guidelines to prefer one device over the other. The ACP 
received the CE mark in December 2008, and the Amulet received it 
in January 2013. In a recent pooled analysis of multicentric registries 
evaluating the ACP device, the most common indications for LAA 
occlusion were previous major bleeding (47%), high bleeding risk 
(35%), stroke on Warfarin (16%), and coronary stents (22%). Notably, 
most patients had >1 indication.16

Implantation Technique
Baseline Imaging For Planning The Procedure
Trans-Esophageal Echocardiography

 Almost all operators prefer to define LAA anatomy via a prior 
TEE. This is paramount for excluding any pre-existing LAA 
thrombus and also to aid in selection of the right device size. It is 
highly recommended to measure the LAA at both the long axis 
(120 to 150 degrees) and the short axis (30 to 60 degrees). The 
echocardiographic orifice is defined as the line from the pulmonary 
vein ridge to the circumflex artery. The deployment zone (“landing 
zone”) for the ACP 1 is approximately 10mm inside the orifice at a 
right angle to the neck axis. However, for the Amulet, the deployment 

Figure 1:

Comparison between the ACP 1 and the ACP 2. Comparison 
between the ACP 1 (left) and the ACP 2 (right) highlighting the 
greater diameter of the ACP 2, distal lobe (A and B) and waist (B), 
the increased number of stabilizing wires (A) and the inversion 
of the disc endscrew (C). (Adapted DIRECTLY from Friexa et al)14 
PERMISSIONS PENDING

Figure 2:

Transesophageal echocardiogram assessment of the LAA. 
Evaluation of the septum-LAA ostium distance (A), angle of the 
appendage (B), and distance from the ostium to the first bend of 
the appendage (C). LA: left atrium; LAA: left atrial appendage; LV: 
left ventricle. (Adapted with permission from Krishnaswamy et 
al)19
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zone is approximately 12-15 mm from the orifice (figure 2).17

Cardiac Computed Tomography
 Cardiac CT is emerging as a promising alternative imaging 

modality. It has an added advantage of a better 3 dimensional 
resolution.18 However, the experience in pre-procedural imaging 
is limited, as of this writing. Cardiac CT may play a vital role in 
determining the relationship between the LAA and surrounding 
crucial structures including the left superior pulmonary vein and the 
left aortic sinus (figure 3). Efforts are currently underway to develop 
cardiac CT protocols for adjunctive imaging prior to the procedure 
to aid in procedural planning.19 Autopsy studies have demonstrated 
that the LAA ostium can be located at different levels relative to the 
left superior pulmonary vein ostium.20 There is also ongoing work on 
the role of Cardiac CT in post-procedural surveillance.21 However, at 
present TEE is the modality of choice for pre-procedural planning in 
most centers, with cardiac CT at best being a useful adjunct.
Imaging during the procedure

 TEE remains the intra-procedural modality of choice for most 
operators reporting implantation of ACP devices with a few 
exceptions.22 The procedure is performed both under local and 
general anesthesia depending on the institutional preferences. It is 
generally recommended that all ACP device implantations should 
be done under TEE guidance in the setting of general anesthesia, 
with the exception of centers that are highly experienced with this 
technique.
Accessing the LAA

 The femoral vein is the access site, right being preferred over the 
left, in most of the reported studies for ACP device implantation. 
The rationale is that approach from the right side provides a more 
direct access for trans-septal puncture than the left femoral approach. 
After obtaining the access, the next step is trans-septal puncture to 
gain access to the left atrial cavity. However, some operators have 
also used a patent foramen ovale or a preexisting atrial septal defect 
to gain access to the left atrium, thereby eliminating the need for 
trans-septal puncture.22 The trans-septal puncture is usually made 
at the postero-inferior atrial septum at the fossa ovalis under TEE 
guidance. Following the puncture, a pigtail catheter is placed in the 
LAA and angiographic measurements are performed, preferably in 

RAO cranial projections to visualize the orifice and proximal part of 
the appendage.23

Access Sheath Placement And Device Implantation
 A stiff wire is passed and placed in the left upper pulmonary vein 

over which the sheath (appropriately sized) is passed up to the vein 
ostium. The ACP devices are usually upsized by approximately 4 mm 
for ACP 1 and 3 mm for Amulet for proper anchoring and stability. 

Table 1: Summary of procedural events in studies reporting implantation of Amplatzer Cardiac Plug 1 device

Author Region Duration Number Procedural success, % Ischemic Stroke, % Embolization rate, % Severe Pericardial effusion, %

Park et al28 Europe 2008-09 143 96 2.1 1.4 3.5

Lam et al29 Asia-Pacific 2009-10 20 95 0 0 0

Damonte et al40 L. America 2009-12 60 100 0 1.7 6.6

Lopez-Minguez et al30 Europe 2009-11 35 97 0 0 0

Streb et al31 Europe 2009-12 21 95 0 0 4.8

Bethencourt et al Europe 2009-11 213 93 0.5 1.9 1.4

Nielispach et al22 Europe 2008-12 120 98 0.8 1.6 1.6

Urena et al32 Canada 2009-11 52 98 0 1.9 0

Plicht et al33 Europe 2009-11 20 100 0 0 5

Meerkin et al34 Israel 2009-12 100 100 0 0 1

Santoro et al35 Europe 2009-12 134 93 0 0 2.4

Kefer et al41 Europe 2009-12 90 99 0 0 3.3

Park et al42] Europe 2009-11 204 97 0 1.5 2.4

Gloeckler et al17 Europe 2012-13 50 98 0 4 6

Figure 3:

Systematic evaluation of distance along three planes from the 
fossa ovalis to the left atrial appendage ostium. Lateral distance 
from the FO (black dot) to the lateral margin (yellow dot) is 
measured in the axial (A) image using the coronal view (B) as a 
reference for the plane of the LAA ostium; (C) subsequent anterior 
distance to the plane of the LAA ostium (yellow dot to blue dot) 
and (D) subsequent superior distance to the LAA ostium (blue dot 
to red dot) are measured in the coronal view. FO: fossa ovalis; LA: 
left atrium; LAA: left atrial appendage; LV: left ventricle; RA: right 
atrium (Adapted with permission from Krishnaswamy et al)19
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any complication at up to 3 months of follow up38. A recent report by 
Gloeckler et al compares the last consecutive 50 ACP 1 cases with the 
first 50 consecutive Amulet cases in a non-randomized manner.17 The 
study gives an interesting insight into the efficacy and safety of the 
newer Amulet device versus the ACP 1, wherein patient population 
and operating conditions, including the procedure specialists, are 
similar between the two groups. The devices were similar in efficacy 
and safety per their analysis. The authors conclude that, at least in 
the early experience, the Amulet offers no significant benefit over 
the ACP 1 device except for a non-significant reduction in rates of 
pericardial effusion.
Conclusion

 Left atrial appendage occlusion by percutaneous strategy is 
a rapidly growing discipline in the field of structural cardiac 
interventions. The technology involving multiple devices has a 
potential to modify the risk of stroke in patients with non-valvular 
atrial fibrillation. The Amplatzer cardiac plug 1 and the second 
generation Amulet devices seem promising from the limited non 
randomized controlled trial data available from centers mostly 
outside the United States. In light of the promising results for the 
most commonly used WATCHMAN device from two randomized 
studies, it seems obvious that similar studies are also needed to assess 
the efficacy and safety of the Amplatzer devices. However some 
additional key questions remain unanswered before these devices 

The device is advanced to the “landing zone” inside the LAA, and the 
device is ready to be deployed (figure 4). The following criteria have 
been defined in the literature to ensure adequate deployment: 

(1) adequate alignment of the device lobe in the LAA and adequate 
compression of the lobe to LAA wall; 

(2) concave shape of the disk for good seal; 
(3) separation of lobe and the disk; 
(4) right angle of lobe to the neck axis at the “landing zone”; 
(5) lobe position at least two-thirds distal to left circumflex.24 

Once these criteria are met on TEE imaging, the device is released 
by twisting the delivery cable counterclockwise.
Evidence On Outcomes
Amplatzer Cardiac Plug 1 Device

 The Amplatzer cardiac plug (ACP) 1 and the second generation 
Amulet devices are among the two most commonly used 
percutaneous LAA occlusion devices in the world (the other being 
the WATCHMAN device). The data from randomized controlled 
trials (RCTs) are only available for the WATCHMAN device.25-27 
Most of the data for the ACP devices is derived from small registries 
maintained at centers outside the United States17,22,28-35 [table 1]. 
A prospective randomized multicenter controlled trial is presently 
underway to compare this device head-to-head to long-term OAC 
with warfarin or dabigatran in a 2:1 randomization strategy.36 Most 
promising data for the ACP devices are derived from a pooled 
analysis of 1047 consecutive patients from 22 centers in Europe, 
Asia, Latin America and Canada recently published by Tzikas et 
al.16 They reported pooled procedural success as 97.3% with 5% 
periprocedural major adverse events. Mean follow up was 13 months 
(1349 patient years), and one year all-cause mortality was reported at 
4.2%. The stroke rate is reported at 0.9%, TIA’s at 0.9% (9 each) and 
systemic embolism was 2.3% (31 events). Since, the data are derived 
from pooled estimates from individual registries, there was no control 
group.

Sub-group analysis from another systematic review evaluating 
the safety and efficacy of percutaneous LAA devices demonstrated 
a stroke rate of 0.9% [95% CI :(0.7-2.4)] after implantation of an 
Amplatzer Cardiac plug device. The periprocedural adverse event rate 
was reported as 23.5% [95% CI: (15.9-33.2%)] for ACP devices.37 

Santoro et al have recently reported up to 4 years of follow up 
data on a group of 134 patients implanted with an ACP 1 device, 
representing 238 patient years of follow up. They report an ischemic 
stroke rate of 0.8/100 person-years, thromboembolic event rate of 
2.5/100 person-years and all-cause mortality of 2.5% over the follow 
up period.35

Amulet Device
 Unlike the ACP 1 device, there are very few studies evaluating the 

newer Amulet device [table 2]. Lam et al reported a case series of 17 
patients with follow up data available up to 90 days.24 They reported 
a procedural success of 100% and no procedural complication except 
for 1 case of pericardial effusion. A larger case series of 25 patients 
reported by Freixa et al reported a procedural success of 96% without 

Figure 4:

A) Angiography of Amplatzer Cardiac Plug – lobe “ball” shape; 
B) Deployment of Amplatzer Cardiac Plug – lobe; C) Angiography 
of Amplatzer Cardiac Plug – lobe positioned RAO 40° – caudal 
20°; D) Deployment of Amplatzer Cardiac Plug – disc. (Adapted 
DIRECTLY from Berti et al23) PERMISSIONS PENDING

Table 2: Summary of procedural events in studies reporting implantation of Amplatzer Cardiac Plug 1 device

Author Region Duration N Procedural success, % Ischemic Stroke, % Embolization rate, % Severe Pericardial effusion, %

Freixa et al38 Europe-Canada 2012-2013 25 96 0 0 0

Lam et al24 Europe 2013 17 100 0 0 6

Gloekler et al17 Europe 2012-13 50 94 0 6 6
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gain widespread commercial use in the United States. These include 
regulatory framework, training requirements, role of learning curve 
and most importantly selection of patient cohorts who are most 
likely to benefit from these devices. Also relevant are the data on 
superiority versus non-inferiority of new devices to warfarin39. The 
answers to these questions can only be derived from more data on the 
outcomes after implantation of these devices. Considering the recent 
approval of the WATCHMAN device by FDA, it is unlikely that 
the Amplatzer devices will see a head-to-head comparison with the 
WATCHMAN device in any randomized study. It will be interesting 
to see the results from the presently ongoing ACP trial for definite 
assessment of safety and efficacy outcomes in ACP devices. The 
need of the hour currently is to standardize the outcome measures 
and possibly also create a nationwide registry of percutaneous LAA 
occlusion devices including the Amplatzer, so that more high quality 
data may be generated.
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Introduction
Catheter ablation (CA) has become a well established treatment 

option for recurrent, symptomatic, drug-resistant atrial fibrillation 
(AF). Isolating or encircling all accessible pulmonary veins (PVs) 
is recognized as the cornerstone of any ablation approach.1 One of 
the  major limitation of CA of AF is the high rate of recurrences, 
during the short- and long-term follow-up, mainly due to electrical 
reconnection of the PVs. Therefore, more durable and transmural 
lesions produced by radiofrequency energy (RF) are desirable to 
improve the procedural outcome.2,3 Crucial in the determining of the 
efficacy of RF lesion is the electrode-tissue contact. The optimization 
of electrode–tissue contact may have a two potential benefits.1 First, it 
allow a more effective RF delivery to tissue with less energy dissipated 
into the circulating blood pool and creation of more predictable and 
reliable lesions. This may impact on both the procedure parameters 
and long-term clinical outcome. Second, monitoring the electrode–
tissue contact may help reduce the excessive contact and the 
complications possibly related to catheter manipulation inside the 
heart.  Here, we describe the clinical experience obtained using 
CF catheters for AF ablation, with a specific focus on the impact 

of CF sensing technology on acute procedural data (procedure and 
fluoroscopy time).
Contact Force Sensing In Catheter Ablation

The efficacy of RF ablation is to a large extent determined by 
the ability to create durable, transmural lesions. Lesion formation, 
including durability, is dependent on several interacting factors 
including catheter tip size, irrigation, stability and orientation to the 
myocardium, power delivery, ablation duration, and catheter-tissue 
CF. Yokoyama et al4 showed a direct correlation between CF and 
the resulting lesion volume in a canine thigh muscle preparation. 
Using this catheter at constant RF power (saline irrigation) in the 
canine thigh muscle preparation, tissue temperature and lesion 
size increased significantly with increasing CF. The incidence of 
steam pop and thrombus also increased with increasing CF. The 
incorporation of real-time CF measurement in an irrigated ablation 
catheter helped to optimize the selection of RF power and RF 
application time to maximize RF lesion formation and reduce the 
risk of steam pop and thrombus in clinical application. Until recently, 
CF could not be measured directly by ablation catheters. As a result, 
surrogate measures of CF have been proposed, including electrogram 
amplitude, pre-ablation impedance and changes during ablation 
in electrode temperature and impedance.5 The accuracy of these 
surrogate measures has not been extensively validated.

In this setting steerable sheaths have been introduced to improve 
CF during AF ablation.6 Ullah et al7 recently demonstrated that 
steerable-sheaths increased ablation CF, however, there were region-
specific heterogeneities in the extent of increment, with some 
segments where they failed to increase CF. 
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Abstract
The creation of a durable radiofrequency (RF) lesion depends on several parameters, including catheter tip electrode size and composition, 

tip orientation, temperature, RF pulse duration, power, blood flow, and catheter to tissue contact. The development of new contact force 
(CF) sensor catheters has allowed the measurement of the tip to tissue CF during the RF ablation procedure. Here, we describe the clinical 
experience obtained using CF catheters for atrial fibrillation ablation, with a specific focus on the impact of CF technology on acute procedural 
data (procedure and fluoroscopy time).
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More recently, the advent of the CF sensing catheter has further 
evolved the technology of catheter ablation. Two irrigated CF sensing 
catheters are now available: the TactiCath™ (St. Jude Medical, USA) 
(TC) (Figure 1) and the ThermoCool® SmartTouch™ (Biosense 
Webster, USA) (ST) (Figure 2). The TC catheter measures the CF 
by micro-deformations of optical fibers, whereas the ST catheter 
measures micro-deformations of a precision spring connecting the 
catheter shaft and tip. In bench testing, both systems have a CF 
resolution of less than 1 gram. 

The theoretically possible benefits of CF sensing technology are 
numerous. 

Safety may be improved by reducing the risk of perforation 
during catheter manipulation and ablation. Although several initial 
experiences8-12 comparing the CF catheters with standard open-
irrigated tip catheter in AF ablation failed to demonstrate a reduction 
in complication rate with the use of CF sensing catheters, recently 
Acka et al13 evaluated if CF catheters reduce cardiac perforations 
and other major complications and offer equal safety compared to 
the non CF catheters and magnetic navigation system, in 1.517 
ablation procedures. Complications occurred in 11.3% (n=172) of 
the procedures. In 2.8% (n=43) a major complication occurred, 0.9% 
(n=13) had a perforation, 8.5% (n=129) had a minor complication 
and 2 patients died (0.1%). No cardiac perforation occurred in the 
CF group, which was significantly different from non CF procedures 
(0.0% vs. 1.6%; relative risk 0.76, 95% CI 0.74-0.79, P=0.031) and 
equal to magnetic navigation system (0.0%). This was also observed 
in the AF subgroup (557 patients) (0.0% vs. 3.3%; RR 0.67, 95% CI 
0.63-0.72, P=0.021), and the occurrence of major complications was 
lower for CF versus non CF procedures (2.1% vs. 7.8%, P=0.010). 
They concluded that CF-guided CA is superior to non CF catheter 
with regard to procedural safety and avoidance of cardiac perforation. 
This difference was due to a reduction of cardiac perforation and 
major complications in the AF subgroup.

Although clinical practice is suggesting that increasing CF 
improves RF lesion formation, there are no studies correlating RF 
lesion size to CF in the beating heart. However CF sensing catheters 
allowed a lower incidence of acute reconnection, and less need of 
complementary segmentary RF applications.14-16

Impact Of CF On Fluoroscopy Time
Reddy et al17 were the first to study the relationship between 

contact force and clinical outcome during RF catheter ablation of 
atrial fibrillation in the TOCCATA study. Thirty-two patients with 
paroxysmal AF underwent PV isolation by using a radiofrequency 
ablation catheter with a CF sensor integrated at its tip (TC). They 
failed to demonstrate any impact of CF values on procedural and 
fluoroscopy times, although they observed a trend towards a reduced 
fluoroscopy time (from 55±32 min vs 32±24 ms, p=0.25) in patients in 
which the mean CF was > 20 gr as compared with patients in which 
the mean CF was ≤ 10 gr. Similar results were reported by Wutzler 
et al18 They analyzed 143 patients who underwent PV isolation. 
In 31 patients, PV isolation was performed by monitoring the 
catheter-tissue contact with a sensing catheter (TC). One hundred 
and twelve patients in whom conventional PVI was performed 
without CF information, using an open irrigated ablation catheter 
(CoolPath, IBI/St. Jude Medical, St. Paul, MN, USA)  served as the 
control group. Circumferential PV isolation was performed with a 
3D-Mapping-System (Ensite NavX, St. Jude Medical). A significant 
reduction in procedure duration was seen in the CF mapping group 
(128.4 ±29 min vs. 157.7 ±30.8 min, p = 0.001). There were no 
significant differences observed in ablation time, total ablation energy 
or fluoroscopy time, although all were reduced in the CF group.

On contrary using the ST catheters several study demonstrated a 
relevant the impact of CF technology on fluoroscopy and procedure 
time during AF ablation (Table I).

Martinek et al8 assessed the impact of direct catheter force 
measurement on acute procedural parameters during RF CA in 
50 consecutive patients with paroxysmal AF. Fifty consecutive 
patients with paroxysmal AF who underwent their first procedure 
of circumferential PV isolation were assigned to either RF CA using

(1) a standard 3.5-mm open-irrigated-tip catheter (Thermocool®,
NavistarTM; Biosense Webster) or 

(2) a catheter (ST) with contact force measurement capabilities. All 
RFA were performed using a 3-D electroanatomic mapping system 
with CT integration (Carto3®; Biosense Webster). Procedural data 
showed a remarkable decline in ablation time (RF time needed for 
PV isolation) from 50.5 ± 15.9 to 39.0 ± 11.0 minutes (P = 0.007) 
with a reduction in overall procedure duration from 185 ± 46 to 154 
± 39 minutes (P = 0.022). In parallel, the total energy delivered could 

Figure 1:
A 3D reconstruction of left atrium by means of the TactiCath™ 
(St. Jude Medical, USA) catheter. Local contact force values are 
displayed

Figure 2:
A 3D reconstruction of left atrium by means of the ThermoCool® 
SmartTouch™ (Biosense Webster, USA) catheter. Local contact 
force value is displayed
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be significantly reduced from 70,926 ± 19,470 to 58,511 ± 14,655 
Ws (P = 0.019). The number of acute PV reconnections declined 
from 36% to 12% (P = 0.095).

Marion et al (9) studied 60 patients with paroxysmal AF comparing 
circular antral CA (guided by Carto 3® System, BiosenseWebster) 
using either a new open-irrigated CF catheter (ST) or a non-CF 
open-irrigated catheter (EZ Steer Thermocool, Biosense Webster). 
Overall, 30 patients were enrolled in each group. Though complete 
PV isolation was achieved in all cases in both groups, CF use was 
associated with significant reductions in fluoroscopy exposure 
(20.1±4 vs 26.7±5 minutes, p < 0.01) and RF time (45.2±18 vs 
65.4±22 minutes, p= 0.01). 

Stabile et al,19 in a multicentre prospective study, assessed the effect 
of direct CF measurement on acute procedural parameters during RF 
CA of AF. All the patients underwent the first ablation procedure 
for paroxysmal AF with antral PV isolation, aiming at entry and exit 
conduction block in all PVs, by means of a open-irrigated tip catheter 
with CF sensing (ST), guided by Carto 3® System (BiosenseWebster). 
Ninety-five patients were enrolled in nine centres and successfully 
underwent ablation. Overall procedure time, fluoroscopy time, and 
ablation time were 138.0+67.0, 14.3+11.2, and 33.8+19.4 min, 
respectively. The mean CF value during ablation was 12.2+3.9 g. Force 
time integral (FTI) analysis showed that patients achieving a value 
below the median of 543.0 gs required longer procedural (158.0+74.0 

vs. 117.0+52.0 min, p= 0.004) and fluoroscopy (17.5+13.0 vs. 11.0+7.7 
min, p = 0.007) times as compared with those in whom FTI was 
above this value. Patients in whom the mean CF during ablation was 
> 20 g required shorter procedural time (92.0+23.0 vs.160.0+67.0
min, p = 0.01) as compared with patients in whom this value was <
10 g. 

Sciarra et al10 analyzed the impact of the ST catheter and the 
Surround Flow (BiosenseWebster) catheter (SF) and ThermoCool 
(BiosenseWebster) catheter, in terms of feasibility and acute efficacy, 
in 63 patients with paroxysmal AF who underwent PV antral isolation, 
guided by Carto 3® System (BiosenseWebster). They found that the 
use of both ST and SF catheters obtained a reduction of fluoroscopy 
time (ThermoCool 34±18 min, ST 20±10 min, p<0.001; SF 21±13 
min, p=0.02 vs ThermoCool) and RF time (ThermoCool 41±13 min, 
ST 30±14 min, p=0.013; SF 30±9 min, p<0.01 vs ThermoCoolC). 
The use of ST catheter resulted in a reduction of procedural time 
(ThermoCool 181±53 min, ST  140±53 min, p<0.001; SF 170±51 
min, p=NS vs ThermoCool). The percentage of isolated PVs was 
comparable between groups (ThermoCool 96 % vs ST 98 % vs SF 96 
%; p=NS). The percentage of deconnected PVs at 30 min was lower 
in ThermoCool (89 %) than in ST (95 %) and in SF (95 %) group 
(p<0.05).

Jarman et al11 studied the impact of CF sensing technology on 
the clinical outcome of ablating AF.  A total of 600 AF ablation 

Table 1: Impact of CF sensing technology on on procedural and fluoroscopy time

Study Important features CF sensing 
technology

Aims and methods Fluoroscopy time Procedure time Key findings

Reddy et 
al 17
2012

32 PAF Optical fibers an OIC with CF 
mapping capabilities

Higher CF was not associated to changes 
in fluoroscopy time (32±24 vs 55±32 
min, p=0.25)

Higher CF was not associated 
to changes in procedure time 
(211±88 vs 188±51 min, p=0.61)

CF did not affect procedural 
parameters

Wutzler et 
al 18
2014

143 with PAF and 
PerAF

Optical fibers an OIC 
or an OIC with CF 
mapping capabilities

There were no significant differences
observed in fluoroscopy time, although 
reduced
in the contact force group

Procedure duration was 
significantly shorter in the
contact force group (128.4 ±29 
min vs. 157.7 ±30.8
min, p = 0.001).

the use of CF information
resulted in a shorter procedure 
time 

Martinek et 
al 8 2012

50 PAF Precision 
spring

a standard 3.5-mm 
OIC or a catheter with 
CF measurement 
capabilities

28.6 ±17.4 vs 23.6±13.1 min, p= 0.312 185±46 vs 154±39 min
p= 0.022

The use of CF sensing technology 
was able to significantly reduce 
ablation and
procedure times in PVI.

Marion et al 
9 2014

60 PAF Precision 
spring

a new OIC CF catheter  
or a non-CF OIC

CF use was associated with significant 
reductions in fluoroscopy exposure (20.1 
± 4 vs 26.7
± 5 minutes, p < 0.01)

CF technology was associated with 
a significant
reduction in 
overall procedure time

the use of CF information
resulted in a shorter procedure and 
fluoroscopy times

Stabile et al 
19 2014

95 PAF Precision 
Spring

a new OIC with CF 
sensing

Patients in whom the mean CF during 
ablation was > 20 g required shorter 
procedural time (92±23 vs.160±67 min, 
p = 0.01) as compared with patients in 
whom this value was < 10 g.

patients achieving a FTI
value below the median of 543 
gs required longer procedural 
(158.0±74.0 vs. 117.0±52.0 min, 
p = 0.004) 
 times as compared with those in 
whom FTI was above this value

CF affected procedural 
parameters, in particular 
procedural and fluoroscopy
times, without increasing 
complications.

Sciarra et al 
10 2014 

63 PAF Precision 
spring

 impact of a standard 
OIC, SF OIC and CF 
catheter

ST and CF catheter obtained a reduction 
of fluoroscopy time (OIC 34 ± 18 min, CF 
20 ± 10 min, p < 0.001; SF 21 ± 13 min, 
p = 0.02 vs OIC)

STc resulted in a reduction of 
procedural time (TCc 181 ± 53 min, 
STc 140 ± 53 min, p < 0.001; SFc 
170 ± 51 min, p = NS vs TCc).

Both the CF and the SF OIC 
catheters significantly reduced 
radiofrequency and fluoroscopy 
times, as well as pulmonary veins 
reconnection rate at 30 min. 
Moreover, the CF catheter reduced 
overall duration of the procedure.

Jarman et 
al 11 2014

600 with PAF and 
PerAF

Precision 
spring

CF and non CF 
catheters

the use of CF catheters was associated 
with reduced fluoroscopy time in 
multivariate analysis (reduction by 7.7 
(5.0-10.5) minutes; p<0.001)

 Fluoroscopy time was lower when 
CF technology was employed in all 
types of AF ablation procedures

Sigmund et 
al 12 2015

198 with PAF and 
PerAF

Precision 
spring

3.5-mm OIC with CF
measurement 
capabilities and a 
standard OIC

total fluoroscopy time could be
significantly reduced from 28.5 ± 11.0 to 
19.9 ± 9.3 minutes (P = 0.0001)

Procedural data showed a 
significant decline in overall 
procedure time of 34 minutes (p = 
0.0001; 225.8 ± 53.1 vs 191.9 ± 
53.3 minutes).

The use of CF technology was able 
to significantly reduce ablation,
procedure, and fluoroscopy times 
as well as dose in RFCA of AF

PAF= paroxysmal atrial fibrillation; OIC= open-irrigated-tip catheter; CF= contact force; PVI= pulmonary vein isolation; FTI= force-time integral; SF= surround flow; PerAF= persistent atrial fibrillation
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term results with shorter procedural and fluoroscopy times, lower 
incidence of acute reconnection, and less need of complementary 
segmentary radiofrequency applications. Further randomized studies 
are warranted to confirm these preliminary data and to compare the 
CF with other technologies aiming to improve AF CA.
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 CF sensing technology appears to significantly impact on short-
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Introduction
Cardiac resynchronization therapy (CRT) is a useful treatment 

modality in patients with left ventricular (LV) dysfunction and 
ventricular conduction disturbances. The delayed ventricular electrical 
activation results in a dyssynchronous ventricular contraction. CRT 
aims to restore the dyssynchronous contraction and has shown to 
result in improved quality of life, exercise tolerance, cardiac function, 
and survival.1-5

As a significant amount of patients does not respond to CRT, a lot 
of research has deservedly focused on optimization, and better patient 
selection. Various techniques have been studied to identify the proper 
CRT candidate. Interestingly, of all the techniques studied, the most 
trustful method to identify the presence of ventricular dyssynchrony 
is the use of the “simple” 12 lead electrocardiogram (ECG).6,7 This 
is the reason why current guidelines only include ECG parameters 
as measurement of ventricular dyssynchrony, which are QRS 
duration and the presence of left bundle branch block (LBBB) QRS 
morphology.8

Although many studies focus on the ECG to select patients for 
CRT, only a limited number of studies focus on the ECG during 
CRT. This seems remarkable as the ECG during CRT can provide 
important information on LV lead location, presence of scar at LV 
pacing site, and fusion of intrinsic activation or RV pacing with LV 
pacing. In this manuscript we review literature on QRS patterns 
during CRT.

QRS Morphology Patterns
The QRS pattern in CRT is usually composed of two merging 

activation wave fronts, which makes interpretation more difficult. 
CRT is mostly achieved by a combination of RV and LV pacing 
(biventricular pacing) or LV pacing fused with intrinsic ventricular 
activation. Therefore, it is important to understand the timing and 
direction of the activation wave fronts during a) underlying intrinsic 
ventricular activation, b) RV only pacing, and c) LV only pacing, 
before the QRS patterns in d) biventricular pacing can be understood.
QRS Pattern Of Underlying Ventricular Activation

 In several studies it has been shown that the ideal patient, who 
responds to CRT, is the patient with underlying LBBB. In patients 
with LBBB, conduction through the right bundle branch is not 
affected and the ventricular activation begins in the right ventricle, 
before it proceeds to the LV endocardium. The LV endocardium is 
reached through the septum, which takes 40 to 50 ms. This transseptal 
conduction time can however be prolonged in the presence of 
heart failure.9 It then requires another 50 ms to propagate to the 
endocardium of the posterolateral wall and takes an  additional 50 ms 
to activate the myocardium at this side of the LV. Producing a total 
QRS duration of 140 to 150 ms (figure 1).

Conventional ECG criteria to describe LBBB include a QRS 
duration ≥120 ms, QS or rS in lead V1, and a monophasic R wave 
with no Q waves in leads V6 and I (figure 2). Strauss et al.10  strongly 
supported that notched or slurred R waves should also be present in 
lead I, aVL, V5, or V6, as demonstrated in figure 1. The first notch, 
which occurs approximately 50 ms after onset of the QRS, represents 
the electrical depolarization of the septal endocardium. The second 
notch occurs when the depolarization wave front begins to reach the 
epicardium of LV free wall and endocardium of the LV lateral wall. 
The reason there is slurring with little change in QRS amplitude 
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between the 2 notches is that the magnitude and direction of the 
mean electrical vector remains constant once depolarization reaches 
the endocardium of the LV because it has to proceed outward in the 
septum and around the LV to the lateral free wall. These notches are 
best seen in leads I, aVL, V1, V2, V5, and V6.

Eventhough studies show LBBB patients to have higher response-
rates, the large randomized clinical trial such as REVERSE, 
MADIT-CRT and RAFT have used LBBB criteria that are non-
specific. (QRS≥120ms, rS/QS in V1). Therefore, an important part of 
patients included in these large trials would have had a non-LBBB 
QRS morphology when more specific (ESC, AHA or Strauss) 
criteria would have been used. Studies of activation mapping in 
non-LBBB patients however, are less common. A recent study 
using epicardial activation mapping showed that intraventricular 
conduction delay (IVCD) was associated with a significantly more 
heterogeneous ventricular activation than in LBBB. Though mean 
total LV activation time was significantly shorter than in LBBB 
patients. Possibly because of lesser and more favorable ‘lines of 
block’ as visualized by ECG mapping. This results in significantly 
less ventricular electrical uncoupling (VUE) and interventricular 
dyssynchrony.11 As a consequence more studies are needed to 

(1) identify the  LBBB criteria best correlated to outcomes in CRT, 
and 

(2) to identify which patients with a non-LBBB QRS morphology 
could still benefit from CRT.
QRS Pattern During Rv Pacing

 Different RV lead locations have been studied in CRT. RV apex, 
RV septal and RV outflow tract region are the locations used to 
target RV pacing. Studies up till now have not shown any differences 
in outcomes of CRT for the different RV pacing locations.12-14 In 
clinical practice the RV pacing site that is mostly used in CRT is the 
RV apex. 

RV pacing results in a LBBB like QRS pattern in the precordial 
leads with a negative QRS complex in lead V1 recorded at the 4th 
intercostal space.  RV apex pacing usually produces a left superior 
paced QRS axis in the frontal plane as the activation spreads from 
right to left and superiorly away from the apex. Occasionally a 
right superior QRS axis is found in RV apex pacing, especially with 
enlarged and leftward displaced hearts.

Pacing from a septal RV lead position results in a more horizontal to 
left inferior heart axis, as in normal intrinsic ventricular activation.15,16 
Positioning of the RV pacing lead at the RV outflow tract shifts the 
paced QRS axis further to left inferior or even right inferior, as the 
pacing site shifts more superior, close to the pulmonary valve. 

A dominant R wave in lead V1 is considered to be right bundle 
branch block (RBBB) pattern and associated with a pacing site on the 
LV free wall. Therefore, a positive QRS complex during RV pacing 
should prompt evaluation of a RV pacing lead. RV pacing lead can for 
example be accidently placed in the mid cardiac vein. Firstly however, 
the position of precordial leads V1 and V2 should be checked as a 
dominant R wave can sometimes be recorded with ‘misplacement’ at 
the third intercostal space.17 Nevertheless, an initial small “r” in lead 
V1 is also often seen in uncomplicated RV pacing. To our experience 
this initial “r” in lead V1 is most often seen with an infero-septal 
RV lead position resulting in a superior spread of activation with 
late activation of the RV outflow tract. As a consequence, an initial 
“r” wave in lead V1 during biventricular pacing does not necessarily 
indicates contribution from LV pacing.

Differences between RV Pacing and LBBB
 RV apex pacing QRS pattern is often considered to be very similar 

to LBBB QRS pattern. Therefore in animal experimental studies RV 
apex pacing is often performed as surrogate for endogenous LBBB.18 
Detailed analysis of the ventricular activation patterns of RV pacing 

Figure 1:

QRS morphology in complete left bundle branche block. The LBBB 
activation sequence and representative QRS-T wave forms are 
depicted in their anatomic locations for the sagittal, transverse, 
and frontal planes.  Figure used from Strauss et al.10

Figure 2:

Conventional ECG criteria for left bundle branche block. (1) QRS 
duration >120 ms, (2) QS in lead V1, (3) monophasic R wave with 
no Q waves in leads V6 and I. Also included ‘notching’ as described 
by Strauss et al.10
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and LBBB however, revealed some clear differences. In general, QRS 
duration is usually more prolonged in RV pacing as compared to 
LBBB. Left ventricle activation is affected in several ways. In RV 
pacing, transseptal activation time is decreased in most patients, but 
because of an increase in LV free wall activation time, a mild net 
increase in total LV activation time is the result.19 RV activation itself 
is prolonged in RV pacing, as compared to intrinsic activation by 
the his-purkinje system in LBBB.20, 21 In LBBB the activation wave 
front spreads in a circumferential direction whereas the activation 
wave front has a more apico-basal direction in RV apex pacing. 21-23  
As a consequence the area of latest activation is located more basally 
in the lateral wall as compared to LBBB (figure 3).23, 24 Moreover, 
due to a delayed RV activation and LV activation in an apico-basal 
direction the interventricular dyssynchrony is often less pronounced 
as compared to LBBB.21 Whether less interventricular dyssynchrony 
during RV pacing as compared to LBBB is associated with decreased 
CRT response, still needs to be investigated.
QRS Pattern During LV Pacing

 Since the beginning of CRT the target location of the LV lead 
is the LV free wall in a mid-lateral segment.25 There is increasing 
evidence that LV lead placement in the region of the latest activation, 
defined either electrically or mechanically, results in a better response 

to CRT.26-28 This region can be reached epicardially via a tributary of 
the coronary sinus, or surgical placement. Also, endocardial LV lead 
placement has been described by using an atrial transseptal, ventricular 
transseptal or transapical approach. However clinical implementation 
of these approaches awaits more experience and studies on long-term 
results.29-32 Therefore information on myocardial activation in pacing 
using these approaches remains scarce. 

For analyzing the ECG during LV pacing it is important to 
program a very short AV delay or, even better, to stimulate in VVI 
mode to avoid fusion with intrinsic activation via the right bundle. 
Fusion produces electrical resynchronization of the two wave fronts 
coming from the paced LV and intrinsic activated RV (see below). 
Pacing from the coronary venous system usually results in stimulation 
of the LV free wall. Therefore resulting in a right bundle branch 
block QRS pattern with a dominant R wave in lead V1. Exceptions 
exist with LV lead pacing positioned in the mid cardiac vein with 
preferential exit to the RV or a LV lead advanced deep in the great 
cardiac vein resulting in stimulation of the RV outflow tract rather 
than the LV anterior wall.

Therefore, as a first step in the evaluation of the LV pacing a RBBB 
QRS pattern should be present in lead V1 (figure 4, step 1). Next, 
the frontal plane axis during LV pacing should be used to identify 
the pacing site in the circumferential direction.33 A paced QRS with 
either a left or right superior axis is associated with an inferior or 
infero-lateral LV lead position. On the other hand, a left inferior or 
right inferior paced QRS is associated with anterior or antero-lateral 
LV lead position (Figure 4, step 2). It should be noted that LV pacing 
does not necessarily results in a negative QRS in lead I. When LV 
pacing is performed from the basis of the LV, especially in dilated 
and leftward displaced hearts, the activation spreads from basis to 
apex and from left to right, resulting a positive QRS in lead I (figure 

Figure 4:

Protocol for determination of the LV lead position using the 
LV-paced QRS morphology, based on ECGs from LV originating 
ventricular tachycardia. Step 1: A positive QRS complex in V1 
indicates an LV lead position at the LV free wall. Step 2: Lead aVF 
differentiates the LV lead position in the circumferential direction 
with a negative QRS complex indicating a more inferolateral 
position. Step 3: Trace the transition from positive to negative QRS 
complexes in the precordial leads to determine the apico-basal 
direction. Figure used from Van Deursen et al.33

Figure 3:

Increased delay in LV electrical activation during RV apex pacing 
as compared to intrinsic LBBB. Local electrical activation time 
has been projected on the coronary venous electro-anatomic maps 
using the same color coding for both intrinsic LBBB and RV apex 
pacing. AIV = anterior inter-ventricular vein, ALV-1= first antero-
lateral vein, ALV-2 = second antero-lateral vein, CS = coronary 
sinus, LBBB = left bundle branch block, LEAT = local electrical 
activation time, LV = left ventricle/ventricular, RV = right ventricle/
ventricular, RAO = right anterior oblique view. Figure adapted from 
Mafi Rad et al.23
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is much more frequent in epicardial LV pacing from the coronary 
veins.35,36  This difference in prevalence can be explained by the longer 
distance from the electrode to the subendocardial His-Purkinje 
system. Where the impuls has to travel through venous tissue and 
epicardial fat, the naturally slower epicardial propagation, especially in 
diseased myocardium, and additional antiarrhythmic drug effects on 
the myocardium. Prolonged LV pacing latency during simultaneous 
biventricular pacing can consequently produce an ECG pattern 
dominated by RV pacing, thus resulting in inadequate CRT.37 

Also important to realize is that the QRS morphology evaluation 
during LV pacing is of predictive value for response to CRT. A 
relatively narrow QRS complex during LV pacing is associated with a 
better response to CRT.22,38 Both avoidance of fractionation and large 
QRS width can be indirect tools to prevent LV pacing in a region of 
poor conduction due to scar or fibrosis.39, 40

ECG Pattern During Biventricular Pacing
 The ECG during biventricular pacing is often not easy to analyze 

because of merging wave fronts. CRT is most commonly achieved 
by using biventricular pacing, resulting in merging wave fronts of 
RV and LV pacing. The CRT device allows programming of the 
atrioventricular and interventricular delay in order to optimize the 
positive effects of CRT. Echocardiography, ECG or hemodynamic 
measurements are often used to accomplish optimization of CRT 
programming. However, these forms of optimization are often 
resource-intensive and haven’t been shown to be beneficial in any 
large multi-center randomized clinical trial so far. As a consequence, 
only a minority of physicians routinely optimize AV- and VV-delays 
in their patients. 

Various studies have shown that LV pacing alone can be as effective 
as biventricular pacing.41-43 Especially in patients with normal 
atrioventricular conduction, when LV only pacing is adequately timed 
with intrinsic activation, response in cardiac function improvement 
can be even superior to that in biventricular pacing.42,43 However, 
adequately timed fusion at rest can be lost as atrioventricular 
conduction changes during exercise. Algorithms which promote 
intrinsic activation-based LV pacing should automatically adapt the 
atrio-left-ventricular pacing delay by periodical evaluation of the 
intrinsic atrio-right-ventricular conduction time.44 Studies validating 

5). As a consequence, the QRS axis in the frontal plane can shift 
from left inferior during LV pacing proximal in the antero-lateral 
vein to right inferior during LV pacing more distally in the antero-
lateral vein. It has recently been suggested that the paced QRS axis 
could not be used for identification of the LV pacing site.34 It was 
however not taken into account that the QRS-axis shifts depending 
on the apex-to-base level and that it can change between patients 
depending on left-ward displacement of the heart.

The QRS transition pattern in the precordial leads during LV 
pacing can be used to differentiate between basal, mid, or apical LV 
lead position.33 This transition pattern seems independent of the 
circumferential orientation.34 LV pacing from the true LV apex has an 
RBBB pattern in lead V1 with an early transition to a predominantly 
negative QRS complex in V2. Positive QRS concordance during 
LV pacing or late transition (later than V5) suggests a basal LV lead 
position, a QRS transition pattern in V4–V5 suggests of a mid-
level LV lead position, and a QRS transition pattern earlier than V4 
indicates a more apical LV lead position (figure 4, step 3). 

Also important to analyze during LV pacing is pacing latency. 
The LV pacing latency is defined as the interval from the pacemaker 
stimulus to the onset of the earliest paced QRS complex. Assessment 
of pacing latency requires a 12-lead ECG since an initial isoelectric 
QRS complex can mimic latency. Endocardial RV pacing usually 
results in minimal pacing latency (<40ms), but this phenomenon 

Figure 6: Algorithm to evaluate the configuration of the paced ECG in lead V1 
in CRT. Figure used from Barold and Herweg.37

Figure 7:

Wave interference for QRS fusion analysis. BV=biventricular; 
LBBB=left bundle branch block; LV=left ventricular; 
QRSBV=biventricular-paced QRS; QRSLBBB=LBBB QRS duration 
(ms); RV=right ventricular.  Figure used from Sweeney et al.45

Figure 5:
A) ECG obtained from a patient during LV pacing. Note the positive 
QRS complex in lead I during LV pacing due to B) a very basal LV 
lateral lead position as can be seen on the chest X-ray
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or without fusion helps to evaluate CRT in heart failure patients. 
However, as the QRS pattern is complex due to merging wave fronts 
careful analysis of the ECG during underlying rhythm as well as 
during RV only and LV only pacing should be performed for better 
understanding of the ECG during CRT. Especially in CRT non-
responders a simple analysis of the QRS pattern in CRT can show 
whether biventricular pacing is adequately performed. When the 
QRS duration is not decreasing and no contribution from LV pacing 
is seen, further analysis of the ECG during intrinsic rhythm, RV 
only, and LV only pacing can reveal inadequate CRT programming 
and LV lead positioning.
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Introduction
Cardiac resynchronization therapy (CRT) has evolved over the past 

two decades as an effective non pharmacological treatment option for 
selected patients with heart failure and reduced ejection fraction.1, 2 
CRT decreases hospital admissions and mortality, while improving 
exercise capacity and quality of live in heart failure with reduced 
ejection fraction patients with severe or mild functional disability.3-6 
However, a major prerequisite for a beneficial response to CRT is 
the presence of electrical dyssynchrony amenable to this therapy. 
Indeed, both QRS width (>150 ms) and the presence of a typical left 
bundle branch block (LBBB) on the surface electrocardiogram are 
important predictors of reverse left ventricular (LV) remodeling and 
favorable clinical outcome with CRT.7 In absence of significant LV 
electrical dyssynchrony, biventricular pacing might even be harmful.8 
Consequently, optimal use of CRT depends on careful patient 

selection and subsequently effective correction of the underlying 
aberrant electrical activation pattern of the left ventricle. This review 
provides a contemporary view on how the use of multiple leads and 
delivery methods might contribute to achieve this.
Defining Response To Cardiac Resynchronization Therapy

Depending on its precise definition, the rate of non response to 
CRT is often reported as ~30% in the literature. As new guidelines 
have progressively put a stronger emphasis on selecting patients with 
LBBB or very wide QRS complex (>150 ms), the current figure 
may already be significantly lower. In addition, there is considerable 
heterogeneity in how to define CRT response, with each definition 
suffering from important limitations. Hard clinical end points such 
as mortality and hospital readmissions are notoriously biased by 
the presence of non cardiac co morbid conditions in a typical CRT 
population.9 In addition, reverse LV remodeling not always mimics 
functional improvement in CRT patients, and the latter is difficult to 
assess when CRT is used in less symptomatic patients.10 While the 
former is probably the most specific marker of CRT response, generally 
proposed cut offs such as a ≥15% reduction in end systolic LV volume 
are somewhat arbitrarily and do not account for underlying disease 
progression.11 Indeed, a small study in CRT patients hospitalized 
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Abstract
Cardiac resynchronization therapy (CRT) is an established therapeutic option in symptomatic heart failure with reduced ejection fraction 

and evidence of left ventricular (LV) conduction delay (QRS width ≥120 ms), especially when typical left bundle branch block is present. The 
rationale behind CRT is restoration of aberrant LV electrical activation. As there is considerable heterogeneity of the LV electrical activation 
pattern among CRT candidates, an individualized approach with targeting of the LV lead in the region of latest electrical activation while 
avoiding scar tissue may enhance CRT response. Echocardiography, electro anatomic mapping, and cardiac magnetic resonance imaging 
with late gadolinium enhancement are helpful to guide such targeted LV lead placement. However, an important limitation remains the 
anatomy of the coronary sinus, which often does not allow concordant LV lead placement in the optimal region. Epicardial LV lead placement 
through minimal invasive surgery or endocardial LV lead placement through transseptal punction may overcome this limitation, obviously 
with an increased complication risk. Furthermore, recent pacing algorithms suggest superiority of LV-only versus biventricular pacing in 
patients with preserved atrio ventricular (AV) conduction and a typical LBBB pattern. Finally, pacing from only one LV site might not overcome 
the wide electrical dispersion often seen in patients with LV conduction delays. Therefore, multisite pacing has gained significant interest to 
improve CRT response. The use of multiple LV leads may potentially lead to more favorable reverse remodeling, improved functional capacity 
and quality of life in CRT candidates, but adverse events and a shorter battery span are more frequent because of the extra lead. The use of 
one multipolar LV lead increases the number of pacing configurations within the same coronary sinus side branch (within small distances 
from each other) without the use of an additional lead. Small observational studies suggest that more effective resynchronization can be 
achieved with this approach. Finally, there are many reasons for non effective CRT delivery in carefully selected patients with an adequately 
implanted device. Multidisciplinary, post implantation care inside a dedicated CRT clinic ensures optimal CRT delivery, improves response 
rate and should be considered standard of care.
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with advanced heart failure and progressive adverse LV remodeling 
has demonstrated persistent hemodynamic benefits with biventricular 
pacing programmed on versus off.12 Nevertheless, a clear and robust 
correlation between LV reverse remodeling and improved outcomes 
has been demonstrated.13 Alternatively, non response to CRT may 
reflect inadequate correction of electrical dyssynchrony, which 
should be prevented by careful pre implantation patient selection, 
targeted lead placement, and optimal device programming (Table 1). 
Indeed, it has been increasingly recognized that multiple factors may 
contribute to suboptimal CRT delivery, requiring a holistic approach 
with multidisciplinary cooperation between electrophysiology, heart 
failure and cardiac imaging specialists.14 To ensure individualized 
patient care and optimal benefits from CRT, post implantation 
follow up should ideally take place inside dedicated CRT clinics 
providing such collaborative environment.14,15 This multidisciplinary 
care approach has already shown to be associated with improved 
survival in CRT patients.16,17

Left Ventricular Lead Placement
Conventional Transvenous Approach

 Because the rationale behind CRT is restoration of the underlying 
aberrant conduction pattern inside the left ventricle, adequate 
placement of the LV lead is crucially important to successful treatment. 
The current standard for LV lead placement is a transvenous approach 
with a single LV lead guided through a side branch of the coronary 
sinus. Acceptable lead positioning in the posterolateral region of 
the left ventricle is confirmed through classic sensing and capture 
parameters while avoiding phrenic nerve stimulation.17 Apical LV 
lead placement is associated with worse CRT outcomes and should 
be avoided.18 Procedural success with the transvenous approach is 
nowadays achieved in >90% of cases.19-21 However, despite such 
good technical feasibility, it remains unsure whether conventional 
posterolateral lead placement is the best suitable option for every 
CRT patient. Even in patients with typical LBBB, considered 
to benefit most from CRT, studies have shown considerable 
variability in the ventricular electrical activation pattern.22-24 Based 
on several mechanistic studies, the posterolateral region is generally 
considered to be the best pacing site in the majority of patients.25 
However, pacing that site clearly does not always lead to complete 
disappearance of dyssynchrony as the native conduction system can 
never be restored by one lead and the effects of right ventricular 
pacing also impact considerably on the electro mechanical delays. 
Several factors may contribute to electro mechanical heterogeneity 
such as variable conduction block, presence and burden of scar tissue 

and/or anatomical variances. As the primary goal of CRT remains to 
correct aberrant conduction patterns, such heterogeneity implies that 
with more targeted lead positioning, better response rates might be 
achieved.26

Targeted Lead Positioning
Echocardiography Guided Approach

 Echocardiography has rendered some disappointing results to 
improve patient selection for CRT.11,20 However, it may help to 
decide the optimal position of the LV lead in individual patients. Two 
randomized controlled trials support this concept. The Targeted Left 
Ventricular Lead Placement to Guide Cardiac Resynchronization 
Therapy (TARGET) study randomized 220 patients to conventional 
LV lead placement in an accessible posterolateral segment versus 
targeted lead placement in the region of latest contraction assessed 
by speckle tracking two dimensional radial strain imaging.27 With 
targeted versus conventional lead positioning, more patients (70% 
versus 55%, respectively; p=0.031) fulfilled the predefined criterion 
for beneficial CRT response (≥15% reduction of the LV end systolic 
volume after 6 months). In addition, improvements in New York 
Heart Association (NYHA) functional class, 6 minutes walking 
distance, and Minnesota Living with Heart Failure Questionnaire 
score all significantly favored the targeted lead approach. Moreover, 
concordant lead positioning in the region of latest activation 
while avoiding scar was a strong independent predictor of death. 
Nevertheless, even with the targeted approach, this could only be 
achieved in 63% of patients, mainly because of anatomical limitations 
of the coronary sinus. Additionally, the time needed to identify the 
optimal region of LV lead placement increased the procedural time 
significantly, leading to an increased radiation dose. Remarkably 
similar results were reported by the Speckle Tracking Assisted 
Resynchronization Therapy for Electrode Region (STARTER) 
trial (n=187) with a comparable study design.28 In the STARTER 
trial, after a mean follow up of 1.8±1.3 years, the primary composite 
end point of mortality or heart failure readmission was significantly 
reduced with 52% in the group with targeted LV lead placement 
(p=0.006). However, exact concordance of lead placement in the 
region of latest activation was only achieved in 30% of patients in the 
targeted approach group, with a substantial 15% of patients ending 
up with an LV lead in a remote region. In addition, it remains to be 
proven in larger trials that assessing dyssynchrony through speckle 
tracking two dimensional radial strain imaging is accurate, precise 
and reproducible.
Electro Anatomic Mapping

 Another approach to visualize even more precise the LV electrical 
activation pattern is electro anatomic mapping. Catheter based 3D 
non fluoroscopic contact and non contact mapping techniques allow 
in vivo reconstruction of the cardiac anatomy whilst assessing the 
electrical activation sequence with high spatial resolution.29,30 In 
patients with typical LBBB versus non specific intra ventricular 
conduction disturbance, such electro anatomic mapping shows 
more pronounced ventricular electrical uncoupling (the difference 
between right ventricular and LV activation time) and a longer total 
LV activation time, i.e., more inter ventricular and intra ventricular 
dyssynchrony.31 Intriguingly, in a small study including 33 CRT 
candidates, it was demonstrated that these electro anatomic features 
predicted clinical CRT response better than QRS duration or LBBB 
presence itself.31 Therefore, electro anatomic mapping is especially 

Figure 1:

Antero posterior views of a chest x-ray in a cardiac 
resynchronization therapy patient with a conventional bipolar left 
ventricular lead (left) and another patient with a quadripolar lead 
(right)
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promising to identify patients who might benefit from CRT, but have 
surface electrocardiogram characteristics known to be associated with 
worse CRT response. Indeed, benefits with CRT are less consistently 
observed in patients with a preimplantation QRS width <150 ms or 
non LBBB pattern, but still a substantial proportion of this group may 
improve with CRT.32,33 Alternatively, electro anatomic mapping can 
be used during LV lead placement to search for the region of latest 
electrical activation. In a sub study, including 426/846 patients from 
the SmartDelay determined AV Optimization: A Comparison of AV 
Optimization Methods Used in Cardiac Resynchronization Therapy 
(SMART-AV) trial, it was observed that patients with a longer QLV 
time, defined as the time from onset of the QRS complex on the 
surface electrocardiogram to the peak of the LV electrogram, had 
more pronounced reverse LV remodeling and a larger improvement 
in quality of life at 6 months after implantation, which remained 
so after correction for QRS width and presence of typical LBBB.34 
In addition, pacing the left ventricle at the site with maximal QLV 
delay is associated with acute hemodynamic improvements.35 A 
recent study in 25 consecutive CRT patients has shown that electro 
anatomic mapping of the coronary sinus system is feasible during 
implantation, with concordant lead placement possible in 18 out of 
25 patients.36 Importantly, the conventionally targeted inferolateral 
vein was the vein with maximal QLV delay in only 3 patients, clearly 
supporting the use of electro anatomic mapping over relying on 

the anatomy alone. Major device companies are already using this 
knowledge to superimpose information on the fluoroscopy images. 
Nevertheless, further studies are required to determine the precise 
role of electro anatomic mapping in CRT optimization.
Cardiac Magnetic Resonance Imaging

 Cardiac magnetic resonance (CMR) imaging with the use of late 
gadolinium enhancement has evolved as the preferred method to 
visualize scar tissue along the myocardium. Understandably, presence 
of scar tissue negatively affects response to CRT, which might 
explain why patients with ischemic cardiomyopathy consistently 
experience fewer benefits with CRT compared to their non ischemic 
counterparts.37 Several studies confirm that extensive myocardial 
scarring found on either echocardiography or CMR imaging 
predicts poor response to CRT.38-41 This is especially true for scarring 
in the posterolateral region, the conventional position of LV lead 
placement. In one prospective study (n=559) with CRT patients 
randomized to conventional versus CMR imaging guided LV lead 
placement, patients in the latter group had a 6 times higher risk of 
cardiovascular death after median follow up of 1.8 years if the LV lead 
was placed inside a scar region.42 In patients with conventional LV 
lead placement, this risk was 51% higher compared to patients where 
scar could be avoided, although this result did not reach statistical 
significance (p=0.073). Importantly, if the LV lead was placed inside 
a scar region, the risk of death due to progressive pump failure as 
well as the risk of sudden cardiac death were significantly increased. 
While less viable myocardium surely impacts on the amount of LV 
reverse remodeling that is possible, pacing into a scar region may also 
elicit a pro arrhythmogenic substrate.43

Surgical Epicardial Left Ventricular Lead Placement
 Initially, surgical epicardial LV lead placement was predominantly 

used as a backup technique to overcome limitations of an inaccessible 
coronary sinus or unfavorable anatomy of the latter. Studies comparing 
conventional transvenous LV lead placement with the surgical 
epicardial approach have generally rendered similar results.44-46 Yet, as 
operator experience with CRT and implantation materials both have 
improved, the use of surgical LV lead placement has been decreasing 
over time.21 However, with the emerge of minimal invasive surgical 
techniques, the benefits of allowing targeted LV lead placement, a 
reduced risk of lead dislodgment, and less problems with phrenic 
nerve stimulation, have placed surgical LV lead placement in the 
spotlight again. An additional advantage is that radiation exposure 
can completely be avoided and there is no need for intravenous 
contrast. Downsides of the surgical LV lead approach are the 
necessity of general anesthesia, invasiveness of the procedure, higher 
procedural related costs, and higher pacing thresholds reducing the 
battery life-span.44 Different minimal invasive procedures exist for the 
placement of an epicardial LV lead, with the choice often depending 
on availability and experience of the operator. Mini thoracotomy, 
video assisted thoracoscopy and robotic surgery are used nowadays 
and clinical experience with these techniques is improving.45-51 
Still, due to higher costs and insufficient evidence of long term 
superiority, surgical epicardial lead placement is currently indicated 
only when conventional transvenous lead placement fails and should 
be performed in centers with significant expertise. Whether targeted 
LV lead placement through minimal invasive surgery in combination 
with multimodality imaging and electro-anatomic mapping might 
be a superior approach is currently under research.

Table 1: Determinants of CRT response

Important features

Pre-implantation patient selection

Gender women

Presence of electrical dyssynchrony Typical LBBB

QRS width >150 ms

Electro-anatomic mapping

Absence of extensive scar, especially in the 
posterolateral region

Cardiac MRI

Avoid “rescue CRT” in very advanced heart failure Early implantation strategy

Procedural characteristics

Left ventricular lead in region with latest electrical 
activation

Coronary sinus anatomy

Avoid apical position 

Electro-anatomic mapping

Avoid lead placement next to scar region Cardiac MRI

Avoid phrenic nerve stimulation Multipolar left ventricular leads

Optimal correction of electrical dyssynchrony Multiple/multipolar leads

Post-implantation care

Optimal heart failure treatment Pharmacological therapy

Treatment of co morbid conditions

Adequate CRT delivery Biventricular pacing >95%

Stroke Rate control/AV node ablation in AF

Ischemic Ablation of frequent ectopic beats

Hemorragic Left ventricular lead dislodgement

Optimal programming AV optimization

VV optimization

Advanced pacing algorithms

AF, atrial fibrillation; AV, atrio ventricular; CRT, cardiac resynchronization therapy; LBBB, left 
bundle branch block; MRI, magnetic resonance imaging, VV, ventriculo-ventricular
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Dual Right Ventricular Leads

 One small study (n=21) has explored the use of CRT with 2 
right ventricular leads (apical and outflow tract) in addition to a 
conventionally placed transvenous LV lead.63 The authors reported 
an improved correction of mechanical dyssynchrony assessed by 
tissue Doppler echocardiography and a larger increase in cardiac 
output with this pacing configuration. Another study (n=20) has 
reported a significant increase in 6 minutes walking distance with 
dual right ventricular leads in the apex and high septum compared to 
conventional CRT.64 However, dual right ventricular lead placement 
has not been evaluated in adequately powered long term clinical 
trials. A particularly interesting approach might be to target the 
extra right ventricular lead to allow direct His bundle pacing. This 
has been shown to be technically feasible in most CRT candidates 
and may result in a narrower QRS width.65 In a cross over study of 
conventional CRT versus direct His bundle pacing, QRS narrowing 
with the latter was observed in 72% of patients and those had similar 
remodeling and clinical response as compared to with conventional 
CRT.66

Dual Left Ventricular Leads
 Table 2 summarizes the data from currently available controlled 

CRT studies with multiple LV leads. Pacing the left ventricle 
with two separate leads was first tested in a cohort of 14 patients 
undergoing CRT implantation.67 This study indicated that the 
acute hemodynamic response (measured as dP/dt(max), aortic 
pulse pressure and end diastolic pressure) was superior in patients 
undergoing dual site pacing. However another study did not 
corroborate this finding after AV optimization was performed, while 
a third suggested benefits predominantly in patients with extensive 
posterolateral scar.68, 69 The feasibility of placing two instead of one 
lead inside the coronary sinus system looks acceptable, 85-95% in 
experienced hands, and currently available evidence from small studies 
may indicate some benefits with this approach.64, 70-73 One study 
randomized 54 CRT candidates with LBBB in sinus rhythm to single 
versus dual LV lead placement.72 The implantation procedure took 
more time in the dual LV lead group, but fluoroscopy exposure and 
complication rates were non significantly different. After 3 months, 
pacing the left ventricle with two separate leads was associated with 

Endocardial Left Ventricular Lead Placement
 A potential alternative to conventional transvenous or surgical 

epicardial LV lead placement is to perform a transseptal punction with 
endocardial LV lead placement. Different studies have shown that this 
approach is feasible in experienced hands, although technically more 
challenging, while long term efficacy and safety remain unsure.52-55 

In particular, the incidence of major stroke at 6 months has been 
reported up to 10%.56 Based upon the understanding of the normal 
cardiac depolarization sequence, it was postulated that endocardial 
compared to epicardial pacing is more physiological. Indeed, 
impulse conduction is faster with endocardial pacing.57 Moreover, 
observational studies in humans have suggested that endocardial 
pacing is associated with an improved acute hemodynamic response, 
measured as peak rate increase of LV pressure (dP/dt(max)).58, 59 In 
addition, a promising advantage of endocardial LV pacing is that it 
allows an easy targeting of the site with the best acute hemodynamic 
response or latest electrical activation.60,61 One prospective study 
(n=35) has shown improved CRT response rates with endocardial 
LV lead placement.60 Remarkably, the LV lateral wall and coronary 
sinus region were rarely the best sites for endocardial pacing. In spite 
of these potential benefits, a major concern regarding endocardial 
LV lead placement is the increased risk for thrombo-embolic 
events warranting therapeutic anticoagulation, with lead infection, 
endocarditis and mitral valve regurgitation other major attention 
points that however did not occur more frequent in one small study 
with 6 months of follow up.56 Therefore, it is most likely that with 
leadless pacing in the future, endocardial LV pacing will gain more 
attention.
Multisite Pacing

 As the electrical and myocardial substrate of patients receiving 
CRT shows significant heterogeneity, the concept of multisite pacing 
to optimize resynchronization has sparked significant interest lately. 
A recent study has confirmed that patients not responding well 
to conventional LV lead placement may benefit in particular from 
multisite pacing.62 Two major strategies exist to deliver multisite 
pacing, including the use of multiple leads or alternatively a single 
multipolar lead.
Multiple Leads

Table 2: Prospective, controlled cardiac resynchronization therapy studies with multiple left ventricular lead

First author, year n* Study population Lead configuration Benefits of multisite pacing

Pappone,
2000 (67)

14 NYHA III/IV, sinus rhythm, LBBB, QRS >150 ms Two coronary sinus leads (posterior base & lateral 
wall)

Increased peak dP/dt, higher aortic pulse pressure, 
shorter QRS duration

Leclercq,
2008 (71)

40 NYHA III/IV,
permanent AF, LVEF ≤35%

Two coronary sinus leads (widest distance) Higher LVEF

Padeletti,
2008 (68)

12 NYHA III/IV, LVEF ≤35%,
QRS ≥120 ms

Two coronary sinus leads
(lateral/posterolateral & anterior/anterolateral)

None

Lenarczyk,
2009 (72)

27 NYHA III/IV, LVEF ≤35%,
QRS ≥120 ms

Two coronary sinus leads (widest distance) Lower NYHA, increased VO2max & 6MWD, higher 
LVEF, less dyssynchrony, more responders

Ginks,
2012 (69)

22 Conventional CRT criteria Two coronary sinus leads (widest distance) Increased peak dP/dt

Rogers,
2012 (64)

43 NYHA II/III/IV, LVEF ≤35%,
QRS ≥150 ms

Two coronary sinus leads (widest distance) Increased 6MWD, MLWHF score and LVEF

Lenarczyk,
2012 (73)

48 NYHA III/IV, sinus rhythm, LVEF ≤35%, dyssynchrony 
on echocardiography

Two coronary sinus leads (widest distance) Lower NYHA

Ogano,
2013 (75)

22 NYHA III/IV, LVEF ≤35%,
QRS ≥120 ms

Two coronary sinus leads
(best hemodynamic response)

Less ventricular arrhythmia

* Number of patients who actually underwent multisite pacing
6MWD, 6 minutes walking distance; AF, atrial fibrillation; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; MLWHF, Minnesota living with heart failure; NYHA, New York Heart 
Association functional class; QoL, Quality of Life; VO2max, maximal aerobic capacity
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remodeling and improvements in functional capacity may outweigh 
the more complex implantation procedure and higher risks associated 
with the placement of an extra lead.
Multipolar Leads

 A way to mimic multisite pacing with its potential benefits but 
without the need of placing an extra lead is to use an LV lead with 
multiple electrodes positioned on the same lead (Figure 1). Multipolar 
leads were initially designed and tested to overcome phrenic nerve 
stimulation as a result of high LV pacing thresholds. The first use of 
a quadripolar LV lead was reported in 2010.76 Subsequent studies 
have indicated that multipolar leads allow electronic repositioning, 
representing a change in pacing configuration with a different 
electrical vector but without physical repositioning of the LV lead. 
In this way, a pacing configuration without phrenic nerve stimulation 
and with acceptable LV pacing thresholds can generally be achieved.77 
Several studies have indicated that the use of multipolar leads is 
safe with implant success rates, a lead dislodgement risk and pacing 
thresholds similar to unipolar leads.78-83 Using quadripolar versus 
bipolar LV leads result in substantially more pacing configurations 
(up to 17 versus 6, respectively), increasing the chance that a favorable 
configuration can be found.84-86 One study in 16 CRT patients with 
quadripolar LV lead showed that the difference in acute hemodynamic 
response as dP/dt(max) change differed as much as 10% between the 
best and worst pacing configuration.87 Up till now, only three small 
studies have compared the acute CRT response in patients with a 
conventional pacing configuration versus multisite pacing from a 
quadripolar lead (Table 3).88-92 All have shown that with the optimal 
multisite pacing configuration, acute hemodynamic effects of CRT 
can be improved. One study subsequently randomized patients to 
a conventional pacing configuration versus multisite pacing and 
demonstrated that after 3 months the improvement in NYHA 
functional class and reverse remodeling favored the multisite pacing 
group.92 Two large multicenter randomized double blind clinical 
trials are currently enrolling patients and will be adequately powered 
to detect the possible superiority of multipolar leads to increase 
CRT response. The MultiPoint Pacing IDE Study (NCT01786993) 
has planned to enroll up to 506 patients in the United States of 
America, comparing safety and clinical response with a bipolar versus 
quadripolar lead in CRT patients. The More Response on Cardiac 
Resynchronization Therapy With MultiPoint Pacing (MORE-
CRT MPP) trial (NCT02006069) has estimated to enroll 1256 
patients, all implanted with a quadripolar LV lead, and will assess 
the percentage of cross over from conventional to multisite pacing 
because of CRT non response. One needs to recognize though that 
pacing still occurs in the same coronary sinus side-branch and that a 
favorable hemodynamic response over a classic bipolar lead might be 
related to more proximal pacing within the same side branch more 
than a true multisite pacing.
Cardiac Resynchronization Post Implantation Follow Up

 Even with careful selection of patients who demonstrate LV 
electrical dyssynchrony and implantation of an LV lead in the optimal 
position, there are many other reasons for CRT non response.14 A lot 
of these can be addressed by good heart failure management and 
treatment of co morbid conditions, which explains why intensive 
collaboration between electrophysiology and heart failure specialists 
is needed. However, persistent electrical dyssynchrony because of 
suboptimal device programming, loss of biventricular pacing or 

a significantly larger decrease in NYHA functional class, increase in 
maximal aerobic capacity and improvement in 6 minutes walking 
distance, while a higher LV ejection fraction and less dyssynchrony 
were observed on echocardiography. In the single versus dual LV 
lead group, more patients qualified as CRT responders. The same 
group of researchers is performing the Triple Site Versus Standard 
Cardiac Resynchronization therapy (TRUST CRT) trial, which 
has finished recruiting, randomizing patients to conventional CRT 
(n=50) versus dual LV pacing (n=48).74 The final results of the main 
trial have not been published yet, but an intermediate report after 
one year showed an improved NYHA functional class in favor of 
dual LV pacing,73 However,  placement of an additional LV lead did 
result in longer procedural time, additional fluoroscopic exposure and 
less favorable electrical characteristics (i.e., higher pacing thresholds) 
negatively affecting battery longevity. Another small crossover study 
in 23 CRT patients with dual LV leads was also able to demonstrate 
improvements in functional capacity and reverse remodeling when 
a triventricular versus conventional biventricular pacing mode was 
programmed.64 In addition, an intriguing finding of one small study 
(n=58) is that triventricular pacing might be associated with a lower 
risk of ventricular arrhythmia when compared to conventional 
biventricular pacing.75 In this study, patients were not randomized 
towards single versus dual LV lead placement, but instead the optimal 
approach was chosen based on the acute hemodynamic response 
observed during implantation. For this reason it is difficult to 
interpret the results, as the need for triventricular pacing to improve 
hemodynamics may indicate more advanced cardiac disease and 
consequently a higher risk of ventricular arrhythmia. Still, it might 
be worthwhile to look at incidence of ventricular arrhythmia in 
prospectively collected data of currently available randomized/cross 
over studies of biventricular versus triventricular pacing. Finally, one 
particular study of dual LV lead placement has specifically focused 
on patients with atrial fibrillation. The Triple Resynchronization in 
Paced Heart Failure Patients (TRIP-HF) study included 40 patients 
with LBBB and permanent atrial fibrillation requiring cardiac pacing 
for slow ventricular rate.71 The study showed no significant differences 
in functional capacity or quality of life with triventricular versus 
biventricular pacing, although more pronounced reverse remodeling 
was observed in the former group. In conclusion, CRT with multiple 
LV lead placement still remains to be considered an experimental 
therapy with more evidence from long term randomized trials needed 
to assess whether potential benefits of more pronounced reverse LV 

Table 3: Studies comparing conventional biventricular pacing with multisite 
pacing through a quadripolar lead

First author, 
year

n Comparison Study findings

Thibault,
2013 (88)

19 Distal electrode versus 
4 multisite pacing 
configurations

Invasive dP/dt better with multisite 
pacing in 72% (mostly through 
combined proximal and distal electrode 
stimulation)

Rinaldi,
2013 (89, 
91)

41/40 Distal electrode versus 
8 multisite pacing 
configurations

1. Dyssynchrony by tissue Doppler 
echocardiography reduced in 63% with 
multisite pacing
2. Radial strain >20% higher in 63% 
with multisite pacing

Pappone,
2014 (90)

44 Distal/proximal electrode 
versus 7 multisite pacing 
configurations

Acute improvement in hemodynamic 
parameters and significant decrease in 
NYHA with more pronounced reverse 
remodeling after 3 months in multisite 
pacing group

NYHA, New York Heart Association functional class
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arrhythmia is not at all uncommon in CRT patients.14 Even minor 
reductions in biventricular pacing delivery are known to be associated 
with poor CRT response.93 Therefore, AV node ablation in case of 
atrial fibrillation and focal ablation in case of frequent ventricular 
ectopy should be considered when insufficient biventricular pacing 
delivery is observed despite adequate pharmacological therapy.17 
Finally, suboptimal programming of the AV delay is a frequent reason 
contributing to poor CRT response.14 Therefore, a quick assessment 
of the transmitral inflow pattern, ensuring a nicely separated E  and 
A wave is helpful during the evaluation of every CRT patient.94 
However, data from the SmartDelay Determined AV Optimization: 
A Comparison to Other AV Delay Methods Used in Cardiac 
Resynchronization Therapy (SMART-AV) study suggest that 
routine AV optimization in all patients including good responders 
is not warranted as it does not lead to better outcomes.95 Gathering 
all experience and knowledge to achieve such patient centered follow 
up care inside a dedicated CRT clinic has proven to improve clinical 
outcomes.15, 16

Conclusion
 CRT has been established as an important non pharmacological 

therapeutic option in heart failure with reduced ejection fraction. 
However, a beneficial CRT response can only be expected in properly 
selected patients who demonstrate electrical dyssynchrony and 
subsequently have effective correction of the latter with biventricular 
pacing. As the electrical activation pattern of the left ventricle 
may differ markedly between individual patients, targeted LV lead 
placement in the region of latest electrical activation while avoiding 
scar tissue may improve CRT response. Yet, conventional transvenous 
LV lead placement is limited by the coronary sinus anatomy. While 
epicardial LV lead placement through minimal invasive surgery or 
endocardial LV lead placement through transseptal punction may 
overcome this limitation, each technique has its own downsides. 
Recently, multisite pacing through multiple LV leads or even more 
through one multipolar LV lead has gained significant interest. Small 
observational studies suggest that more effective resynchronization 
can be achieved with multisite pacing, but large randomized clinical 
trials should confirm these promising results. Finally, many reasons 
for non effective CRT delivery exist, even in carefully selected 
patients with an adequately implanted device. Multidisciplinary, post 
implantation care inside a dedicated CRT clinic ensures optimal 
CRT delivery and should be considered standard of care.
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Introduction
Idiopathic ventricular arrhythmias are characterized by the absence 

of structural heart disease based on resting ECG, echocardiogram 
and cardiac resonance with gadolinium and late enhancement. The 
right ventricular outflow tract (RVOT) is the most common source 
of origin, typically expressed by premature ectopic beats (PVCs), non-
sustained ventricular tachycardia (NSVT) and rarely, by sustained 
VT. Their mechanism seems to be related to triggered activity due 
to catecholamine-mediated delayed after-depolarizations. There is 
an increase in intracellular calcium from the sarcoplasmic reticulum, 
resulting in delayed after-depolarizations and triggered activity.1

The typical outflow tract arrhythmias pattern on ECG is an inferior 
axis deviation, characterized by positive QRS complexes in D2, D3 
and aVF. Left bundle branch block morphology often suggests an 
RVOT origin and right bundle branch  block morphology typically 
suggests a left ventricular outflow tract (LVOT) origin. However, 
there are many ECG tricks for different locations.2-6    

The anatomy of the outflow tract is very complex (Figure 1), since 
the RVOT is located leftward and anterior to the left ventricular 
outflow tract (LVOT). The pulmonary valve is located superiorly 

and the superior aspect of the tricuspid valve is located inferiorly.7 
Coronary venous and arterial  systems have close relations with those 
regions. 

Catheter ablation of RVOT and LVOT has been standardized 
and, in general, their success rate is very high. However, 15% to 20% 
of patients have difficult and sometimes unsuccessful procedures. 
One of the reasons for failure is the epicardial origin of the PVC, 
related or not to the vascular system. Sometimes, it is non-accessible 
from the conventional endocardial approach. So, it is fundamental to 
determine their precise location to perform an adequate ablation.8-10

How To Identify Epicardial Origin Of Outflow Tract 
Arrhythmias?

Since there is no scar on typical patients with idiopathic outflow 
tract arrhythmias, the main tool prior to the procedure is to attempt 
epicardial origin location on the electrocardiogram. 

Several ECG characteristics have been suggested to recognize an 
epicardial origin of idiopathic outflow tract arrhythmias. Bazan and 
colleagues3 reported that QRS duration was shorter in endocardial 
septal compared to endocardial and epicardium free wall during 
epicardial and endocardial pacing. However, there was no difference 
in QRS duration for endocardial and epicardial free wall sites. For 
RV anterior segments, a Q wave in lead I suggests epicardial origin. 
Additionally, a QS complex in lead V2 was observed more frequently 
at epicardial sites compared to endocardial.

Daniels et al associated the initial time of the QRS complex length 
to an epicardial origin of idiopathic tachycardia.11 They created an 
index, named Maximum Deflection Index (MDI) measuring the 
time to maximum deflection and dividing it by the QRS duration 
(Figure 2). This index was longer for epicardial left ventricular 
arrhythmias compared to endocardial left ventricular, endocardial 
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right ventricular and aortic sinus of Valsalva. They identified a cut 
off value of 0.55, suggesting epicardial arrhythmias. All epicardial 
arrhythmias were mapped from the epicardial venous system. 

One of the reasons for failure of RVOT arrhythmias ablation is 
their localization on the aortic cusps. The leading ECG characteristic 
suggesting this localization is an earlier transition V1/V2 instead 
of V3/V4 typical for RVOT. Additionally, R wave duration index, 
calculated as a percentage by dividing the QRS complex duration 
by the longer R wave duration in lead V1 or V2, and R/S wave 
amplitude ratio in leads V1 and V2 were longer for aortic sinus of 
Valsalva premature ventricular complexes.12 

Tada et al showed that LV epicardial arrhythmias had a greater 
R amplitude wave in inferior leads. Lead I had an S wave and an 
rS(s) or QS pattern. The Q wave amplitude in aVR and aVL was 
greater in the LV-epi group than RV and LV endocardial and the Q 
wave amplitude in aVL was deeper than in aVR in the LV-Epi group 
(Figure 3). The precordial R wave transition occurred from V2 to V4. 
In the LV-Epi group, there was a distinct R(r) wave in V1, and its 
amplitude was significantly greater than in the RV-endo group. There 
was a distinct S wave in V1 and V2 in the LV-Epi group, and the S 
wave amplitude in V2 was significantly greater than in the LV-Endo 
group.13

When the R/S transition is V3, the PVC can be ablated in the 
RVOT in most of the cases (Figure 4), but sometimes the LVOT, 
aortic sinus of Valsalva, pulmonary artery and epicardial ablation by 
coronary sinus or via pericardial puncture mapping are necessary for 
a successful ablation. Tanner and colleagues5 proposed a stepwise 
approach for PVC with V3 transition. They suggest starting on the 
most common site that is the RVOT, followed by the pulmonary 
artery. If the mapping indicates a focus outside the RVOT and the 
pulmonary artery, mapping of the coronary sinus may add useful 

information of the left side and epicardial origin of PVC. 
All criteria for epicardial origin of RVOT identification have 

limitations; one important one is that small changes in ECG 
electrode placement markedly alter QRS morphology of outflow 
tract arrhythmias. Superior displacement of V1 and V2 reduced 
R wave amplitude and led to a decreased R/S ratio, while inferior 
displacement of leads V1 and V2 resulted in an increased R wave and 
R/S ratio. Additionally, anterior displacement of the arm leads from 
shoulders to chest resulted in the reduction in the R wave amplitude 
in lead I.14

How To Ablate Epicardial Origin Of  Outflow Tract 
Tachycardias

 The approach we use in our institution for ablation of RVOT 
tachycardias starts with placing a decapolar catheter advanced in the 
coronary sinus as close as possible to the Interventricular Anterior 
Vein, especially in cases where there is large R waves in leads V1 and 
V2. If there is very early activation on the coronary sinus then we do 
a quick activation mapping on the right outflow tract to identify if 
there is early activation on the right side. If there is an inadequate 
signal on the right side then we perform activation mapping on the 
aortic cusps and on the left ventricular outflow tract. Additionally, we 
perform activation mapping on the coronary sinus. Once all maps 

Figure 1:

Anatomy of the outflow tract. CT scan 3D reconstruction showing 
the ventricles, outflow tract and the aorta and pulmonary artery. 
On the left panel, RAO view, and on the right panel, LAO. The 
pulmonary artery and the RVOT lie anterior to the LVOT and the 
aorta. The RV is located to the right, but when it advances into the 
RVOT and pulmonary artery, they are located on the leftward to the 
LV, LVOT and aorta. In the opposite, the LVOT and aorta are located 
rightward to the middle axis of the heart. There is an intimate 
relationship between the right coronary cusp and the septal aspect 
of the RVOT. The left main and coronary sinus (not shown in this 
model) locate to the left of the RVOT and LVOT and anterior to the 
LV. CT: Computerized tomography; RAO: right anterior oblique; LAO: 
left anterior oblique; RVOT: right ventricular outflow tract; LVOT: left 
ventricular outflow tract; RV: right ventricle; LV: left ventricle; NCC: 
right coronary cusp; NCC: non-coronary cusp

Figure 2:

The measurement of the MDI (maximum deflection index) (11) 
on the left panel, endocardial PVC. The time to the maximum 
deflection is 75ms measured on V5 and the duration of the QRS 
160ms. The MDI is 0,46, suggesting non-epicardial PVC. This PVC 
was succesfully ablated on the septal RVOT. On the right panel is 
epicardial PVC. The time to maximum deflection is 96ms measured 
on V5 and the duration of the QRS is 170ms. The MDI in this patient 
is 0,56 suggesting epicardial PVC that was ablated succesfully on 
the coronary sinus
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are constructed we compare the activation between all the maps. If 
there is earlier (at least 20ms from the QRS) or isochronic activation 
on the right side, than we perform RF ablation on that surface. For 
non-irrigated catheter we use 50W 60C settings and for irrigated 
30W and 43C.  If there is no early activation or ablation failed, we 

position the ablation catheter on the best site on the coronary sinus 
and then perform coronary angiography. Most of the time, the close 
relation of the coronary artery with coronary sinus is a limitation 
for ablation (Figure 5). If there is a safe distance from the artery 
we perform ablation using an irrigated tip catheter with the power 
of 20W, temperature limited to 43C and the impedance cut off is 
turned off. Cryoablation could be an alternative when the target on 
coronary sinus is very close to the artery.15 If there is close relation 
of the coronary sinus spot and the coronary artery we search for 
adequate early signals on the sinus of Valsalva or just infravalvar on 
the LVOT. Is it of great importance when ablating above the aortic 
valve to be aware of the coronary artery ostium distance from the 
ablation catheter. 

Asirvatham et al presented a series of 3 patients with the earliest 
activation site at coronary artery ostium, one at left coronary artery 
and two at the right coronary artery. They ablated these arrhythmias 
with the guidance of intracardiac echocardiogram targeting the aortic 
root (1 patient) or the right coronary cusp (2 patients) isolating the 
focus of origin.16

Our group reported many years ago on a patient where epicardial 
LVOT PVC was successfully ablated from the left atrial appendage.17 
In a second patient ablation was attempted but the patient presented 
LAA perforation necessitating open-chest surgery, so we abandoned 
such approach. 

Reddy et al presented a series of 4 patients with previous ablation 
failure that was successfully ablated with bipolar RF ablation.18 The 
catheters were positioned on the septal aspect of the RVOT and 
on the right or left coronary cusp. Ablation was successfully in two 
patients, in one there was a transient suppression of PVC and in 
other only rare PVC persisted after ablation. 

Sometimes direct epicardial mapping using subxiphoid puncture 
is necessary (Figure 6). Schweikert and cols presented a series of 48 
patients with subxiphoid access mapping for refractory arrhythmias, 
in which 20 patients had symptomatic PVC or sustained VT with 
normal hearts. Seventeen were located on the LV and only three on 
the RV. In 9 patients the arrhythmia was successfully ablated from 
the epicardial surface and in another 6 the earliest activation was 

Figure 4:

Outflow PVC with V3 transition successfully ablated on the 
RVOT. Panel A shows the inferior axis and morphology of left 
bundle brunch block and V3 transition. Electroanatomic (Panel 
B) and electrophysiological mapping (Panel C) showed earliest 
activation on the postero-septal aspect of the RVOT. The area of 
the earliest 10ms on the electroanatomical mapping is 1.2cm2. 
RF applications (Panel D) were performed on the area of earliest 
activation with complete elimination of the PVC (Panel E)

Figure 5:

Premature ventricular complex that was successfully ablated on 
the coronary sinus. A panel shows the PVC morphology, with R 
waves from V1 to V6 and QS morphology on DI. Panel B and Panel 
C show earliest ventricular activation on anterior aspect of the 
coronary sinus. Early after RF ablation we performed a coronary 
angiogram showed on Panel D presents a narrowing of the left 
circumflex artery (green arrow). A coronary CT scan performed one 
month (not shown) and one year after ablation (Panel E) showed no 
lesion on left circumflex artery

Figure 3:

Analysis of PVC morphology to identify epicardial or endocardial 
origin. On the left panel, the PVC has rS on DI, large R wave 
on inferior leads and deep Q wave in aVR and aVL suggesting 
epicardial origin. This PVC was successfully ablated on the 
epicardium through the Left coronary cusp. Epicardial subxyphoid 
mapping showed also an early activation. On the right panel, 
endocardial PVC. There is rS, with R wave larger than the epi. 
Additionally, R waves on inferior leads have less amplitude than the 
R on the epicardial example as well as Q wave in aVR and aVL. This 
PVC was ablated on the infra-valvar lateral region
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median age was 32.5 years old (range 1 to 46) and 7 patients were 
male. Epicardial subxyphoid ablation was successful in two patients, 
one of these patients is presented on Figure 6; in 4 an additional 
endocardial mapping was successful (1 RVOT, 1 LCC, 1 RCC and 1 
LV infra-valvar). One patient that epicardial subxyphoid ablation was 
successful had arrhythmia recurrence. There were 2 complications; 
one was transient ST segment elevation during ablation, with 
subsequent coronariography with no lesions and other patient that 
had hemopericardial with the need for open chest surgery, with the 
patient presenting complete recovery. 
Conclusion

 Idiopathic outflow tract arrhythmias are frequently ablated 
successfully from the right outflow tract, but sometimes their origin 
is on the left ventricular outflow tract, on aortic cusps or on the 
epicardial surface of the ventricles.     When the arrhythmias are not 
located on the RVOT, the success of ablation decrease. Early transition 
of precordial leads to QS complexes and slow initial activation of the 
QRS suggests non-RVOT localization of the arrhythmias. Therefore, 
successful ablation may require aortic cusps, LVOT and great cardiac 
vein explorations in some patients. Epicardial arrhythmias can be 
ablated from the coronary venous system, but sometimes epicardial 
subxyphoid mapping can be necessary.
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Introduction
Sudden cardiac death (SCD) accounts for half of all cardiovascular 

deaths in western countries.1 Antiarrhythmic drug approaches 
to prevention of SCD have been resoundingly ineffective. The 
implantable cardioverter defibrillator (ICD) is the most effective 
therapy currently available to prevent SCD, especially in patients with 
heart failure and low ejection fraction.2 Consequently, ICD use has 
increased exponentially, although its implementation has been quite 
variable geographically and with respect to other measures. Although 
effective in reducing mortality, ICDs are associated with significant 
limitations and complications, like infections, malfunctions and 
shocks.  ICDs effectively terminate ventricular tachycardia (VT), but 
do not prevent VT episodes.3-7 

Radiofrequency (RF) ablation has recently been proposed like 
an effective treatment for VT. VT ablation seems to be effective 
in reducing ventricular arrhythmias recurrences and ICD shocks, 
even if without a significant impact on mortality.8 This new therapy 
has further complicated the risk-benefits ratio estimation of ICD 
therapy in ICD patients, suggesting, in some cases, to avoid ICD 
implant after successful ablation or considering in particular cases the 

attractive hypothesis of transvenous device removal after a successful 
VT ablation. 

The aim of the following review is to focus on the potential 
indication to transvenous lead extraction (TLE) in ICD patients 
after a successful VT ablation.
ICD, VT And Lead Extraction

Initially, the ICD was developed to prevent SCD from recurrent 
arrhythmias in high-risk patients who had survived one or more 
resuscitations because of VT or ventricular fibrillation (VF). 
This group of indications in patients having already experienced 
a life-threatening event of documented or presumed ventricular 
tachyarrhythmia was later classified as “secondary prevention”. 
The results of three large prospective ICD trials comparing ICD 
to antiarrhythmic drug therapy (mainly amiodarone) in patients 
with life-threatening ventricular tachyarrhythmia have consistently 
shown that ICD improves overall survival (Table 1). In the AVID 
trial, enrolling more than 1000 patients, ICDs resulted in a 31% 
reduction in total mortality rate (25 vs 36%) at 3 years compared to 
the antiarrhythmic drug therapy group.5 The CIDS trial randomized 
over 600 patients to treatment with either the ICD or amiodarone; 
after 3 years of follow-up, patient randomized to receive the ICD 
had a 20 % reduction in total mortality rate (25 vs 30%) compared 
to amiodarone treated patients.9 The CASH trial randomized 346 
cardiac arrest survivors; during the follow-up, patients randomized 
to receive an ICD had a 37% reduction in total mortality rate (12 vs 
20%) compared to antiarrhythmic-treated patients.10 A meta-analysis 
of these three trials found that the ICD reduced the total mortality 
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Abstract
Sustained ventricular tachyarrhythmias represent a kind of complication shared by a number of clinical presentations of heart disease, 

sometimes leading to sudden cardiac death. Many efforts have been made in the fight against such a complication, mainly being represented 
by the implantable cardioverter defibrillator (ICD). In recent years, catheter ablation has grown as a means to effectively treat patients with 
sustained ventricular arrhythmias, in the contest of different cardiac substrates. Since carrying an ICD is associated with a potential risk 
deriving from its possible infective or malfunctioning complications, and given the current effectiveness of lead extraction procedures, it has 
been thought not to be unreasonable to ask ourselves about how to deal with ICD patients who have been successfully treated by means of 
ablation of their ventricular arrhythmias. To date, no control data have been published on transvenous lead extraction in the setting of VT 
ablation. In this paper we will review the current evidence about ICD therapy, catheter ablation of ventricular arrhythmias and lead extraction, 
trying to outline some considerations about how to face this new clinical issue.
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rate by 27 % and the arrhythmic death rate by 50% compared to 
amiodarone (p< 0.05).11 As a result of evidence from these clinical 
trials, the ICD is now accepted as the first choice therapy in survivors 
from symptomatic sustained ventricular tachyarrhythmias. Originally 
developed for patients resuscitated from cardiac arrest, the vast 
majority of today’s ICDs are implanted in patients with heart failure 
at increased risk for ventricular arrhythmias (“primary prevention 
indication”). Based on a convincing body of evidence confirming a 
significant mortality benefit, post-infarction patients with severely 
depressed left ventricular function (left ventricular ejection fraction 
(LVEF) ≤ 30%) have a class I indication for ICD implantation. The 
same is true for patients with symptomatic heart failure (NYHA II-
III) of ischemic or non-ischemic origin and LVEF ≤ 35%. Analysis 
of subgroups showed the benefits of the ICD in patients at risk for 
life-threatening ventricular tachyarrhythmias.12 The role of ICD 
therapy for patients with asymptomatic sustained monomorphic VT 
and structural heart disease but with a LVEF greater than 40% is less 
clear.13  

Endocardial lead, implanted transvenously, represent the weak link 
of ICD technology. Since their introduction into clinical practice, 
ICD leads were supposed to be significantly more troublesome than 
conventional pacing leads.14,15 Even in the most skilled hands, lead 
implantation can still have periprocedural serious complications 
(cardiac perforation, cardiac valve injury, hemothorax, pneumothorax, 
arterial-venous fistula) in up to 3.5% of cases.2 Despite advances in 
ICD system design and manufacturing, devices remain imperfect. 
Structural failure of an implanted device has tremendous adverse 
effects on patient morbidity, both medically and psychologically. 
Inappropriate sensing due to conductor or insulation fracture, sensing 
lead adapter failure, loose set screws, or frank dislodgement can lead 
to oversensing of electrical noise with resultant inappropriate shocks. 

Malfunction due to insulation defect or conductor failure can affect 
up to 40% of ICD leads 8 years after implantation,16 especially in 
young and active patients, probably due to the hard physical stress 
imposed to the lead implanted in the subclavian vein by the vascular 
system. It is, however, important to underline that the benefits of the 
ICD in the reduction of mortality have been reached in clinical trials 
employing such imperfect devices with all their known malfunction 
and infection issues.

In the last years many technical failures involving endocardial 
transvenous leads have caused recalls or advisory, as in the cases of 
Medtronic Sprint Fidelis or Saint Jude Medical Riata, requiring 
lead management strategies that involves extraction procedures. 
ICD infections are increasing, because older and sicker patients 
are receiving devices and more patients are surviving and undergo 
generator changes with higher infection risk.17 In case of device 
infection, local or systemic, lead extraction (most often by the 
transvenous approach) is mandatory18 and even if the procedure is 
safe in experienced hands, major complications are described in 1.8% 
of patients.19 Based on these data, lead extraction procedures should 
not be considered as a routine procedure: a risk benefit ratio should 
ever be made before each extraction procedure. Cardiac implanted 
electronic devices (CIED)-associated infections are the strongest 
indication for complete CIED system removal: when an infection 
is identified, all components of the CIED system, including the 
device and leads, should be removed in order to definitely resolve 
the infection. In addition to extraction, 2 to 6 weeks of intravenous 
or sometimes oral antibiotics are usually required, depending on the 
microbiologic isolate, antibiotic sensitivities and clinical scenario.18 
Currently, infection accounts for approximately two-thirds of all 
extractions.

Considering that lead damage or malfunction may have dramatic 
consequences and that in most cases these complications require lead 
removal in order to implant a new one, it is easy to understand that 
ICD lead extraction represents an important issue for implanting 
centers. All experiences reported a high rate of binding sites related 
to the coils, into the right ventricle as well as in the superior vena 
cava, where dilatation can be challenging and risky.20,21 As shown 
in a multicenter study,21 the presence of a superior vena cava coil 
is associated with significantly higher complication rates; TLE of 
dual-coil ICD leads is 2.6 times more difficult than that of single-
coil leads and is more frequently associated with the use of powered 
sheaths and with higher complication rates. The backfilled/covered 
coils seems to make the extraction procedure easier.22 A complication 

Table 1: Studies on secondary-prevention ICD implantation

Author Year Eligibility Patient, n EF % Aim FU Results

AVID5 1997 VF 45%, 
VT 55%

1016 32±13 AA vs 
ICD

2.6 y 31% reduction of 
mortality with ICD 

CASH10] 2000 VF 100% 288 45±18 AA vs 
ICD

3 y 23% reduction of 
all cause mortality 
with ICD

CIDS9 2000 VF 48%, 
VT 38% SY 
14%

655 34±14 AA vs 
ICD

3 y 20% reduction of 
all cause mortality 
with ICD

Table 2: Published experiences of ICD lead extraction

Author Year Report Type Leads, n Pacing Period, months Technique Manual traction, % Complete Removal% Major Complications

Byrd et al24 2000 Multi-center 443 25 Mechanical NA 96 2.1

Kantharia et al25 2000 Single-center 47 25 Mechanical 23 100 0

Saad et al26 2003 Single-center 161 31.8 Laser 24 96.9 1.2

Jones et al33 2008 Single-center 233 90* Laser 16 98.3 0

Kennergren et al34 2009 Single-center 58 58 Laser 29 98.3 1.7

Wazni et al27 M 2009 Multi-center 61 NA Laser NA 100 0

Malecka et al28 2010 Single-center 83 38.5 Mechanical NA 98.7 2.5

Maytin et al 29 M 2010 Multi-center 349 27.5 Mechanical and Laser 49 100 0

Bongiorni et al32 2014 Single-center 582 45 Mechanical 6 99.1 0

Maytin et al30 R 2014 Multi-center 577 44.7 Mechanical and Laser 17.7 99.1 0.87

AA = antiarrhythmic agents, mainly amiodarone; EF = left ventricular ejection fraction; FU = 
follow-up; ICD = implantable cardioverter defibrillator; VF = ventricular fibrillation; VT = ventricular 
tachycardia, SY = syncope; y = years

M = Sprint Fidelis leads, R = Riata leads, * = pacing and ICD leads together
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in these vascular districts can lead to serious consequences that may 
not be mitigated by emergency surgery.23 The concern about ICD 
extraction using conventional equipment was averted by clinical 
results:24-30 in some large experiences31-34 success rate approximated 
98% (Table 2).

ICDs effectively terminate VT, but do not prevent VT episodes. 
Approximately 20% of patients in primary prevention and 45% 
of patients in secondary prevention receive an appropriate ICD 
intervention within the 2 years following ICD implantation.3-5 
Moreover, VT storm (3 or more appropriate ICD therapies within 
a 24-hour period) may affect 4% and 20% of the patients in the 
primary and secondary prevention, respectively.6,7 ICD shocks reduce 
the risk of SCD by approximately 60% but the occurrence of shocks 
is associated with progressive heart failure symptoms, a significant 
decline in quality of life, and a two- to fivefold increase in mortality. 
ICDs are not a cure for VT: concomitant drug therapy is necessary 
in the majority of patients, patients may lose consciousness prior to 
shock, defibrillator shocks are painful and psychiatric disturbances 
are common. 

Defibrillator shocks may increase mortality and worsen quality of 
life.35-37 Altitude study reported outcomes on 185.778 ICD patients 
undergoing remote follow-up. Inappropriate shock occurred in 6% 
at 1-year and 16% at 5 years, constituted 30% of device therapy and 
carried a significant increase in mortality.38 Possible ways to reduce 
inappropriate shocks as well as mortality through a judicious device 
programming include the use of anti-tachycardia pacing, prolonged 
detection times, higher detection rate cut-offs and various algorithms 
to classify rhythms.39 

As ICDs are not effective in VT cure and prevention, RF ablation 
strategies have been recently implemented.
VT Ablation

Radiofrequency ablation of the VT substrate and circuits was 
mainly indicated in patients with several recurrences of VT in order 
to reduce the negative effect of ICD interventions.3,8,40 This strategy 
was based on the results of two randomized prospective multicenter 
trials. The SMASH-VT study,41 published in 2007, enrolled patients 
with coronary artery disease (CAD), unstable and inducible VT, 
showing a significant decrease in appropriate ICD therapy (12 vs 
33%, p = 0.007) and electrical storms in the ablation group during an 
average follow-up period of 22.5 ± 5.5 months. The VTACH study,42 

published in 2010, assessed the role of VT ablation in patients with 
prior myocardial infarction, LVEF ≤ 50% and haemodynamically 
stable VT. VT recurrences were less frequent in the ablation group (47 

vs 29%, p = 0.045 in a mean follow-up period of 22.5 ± 9.0 months: 
catheter ablation extended the time to recurrent VT from a median 
of 5.9 months to 18.6 months). The significantly higher number of 
centers participating in VTACH (16) compared with SMASH-VT 
(3) and the non-standardized approach to ablation used in VTACH
(ablation was guided by a combination of substrate mapping,
activation mapping and pace mapping) compared with SMASH-
VT (ablation was performed using a substrate-guided approach)
may explain the different rate of VT recurrence (SMASH-VT: 12%, 
VTACH: 53%). Of interest, in VTACH, patients with a LVEF >
30% benefited most from catheter ablation. A retrospective European 
multicenter study43 published in 2014 analysed the outcome of 166
patients with structural heart disease (55% ischemic cardiomiopathy, 
19% non ischemic cardiomiopathy, 12% arrhythmogenic right
ventricular cardiomiopathy [ARVC]) and a LVEF > 30% (mean 50
± 10%) undergoing catheter ablation for stable, well tolerated VT,
without subsequent implantation of an ICD as recommended by
current guidelines.44 A group of 378 patients with similar diagnoses
undergoing catheter ablation of VT followed by ICD implant served
as a non matched control group. After a mean follow-up of 32 ±
27 months, all cause mortality was 12%, while only 2.4% of the
patients died suddenly; in the control group, all cause mortality was
the same (12%). Authors conclude that patients with well-tolerated
sustained monomorphic VT, structural heart disease, and LVEF >
30% undergoing primary VT ablation without a back-up ICD had
a very low rate of arrhythmic death and recurrences were generally
non-fatal.45 Limits of the study were: the retrospective nature and the
low rate of VT recurrence in the absence of standardized protocol for
catheter ablation. 

In these studies RF ablation of VT substrate had no significant 
impact on mortality; moreover a meta-analysis of trials including 
patients with structural heart disease undergoing catheter ablation for 
VT, demonstrated that VT ablation reduced recurrence of ventricular 
arrhythmias without significant impact on mortality.8 In this regard, 
a future prospective study in patients not receiving an ICD seems 
imperative in order to assess the rate of mortality throughout the 
follow-up period.45 An overview of studies on ventricular tachycardia 
ablation is reported in Table 3:46-51 of note, only one retrospective 
study compared VT ablation versus VT ablation plus ICD and so 
clinical evidence in this regard is still quite weak. 

Catheter ablation reduces VT/VF recurrences and thereby ICD 
interventions by more than 75% in patients after multiple ICD 
shocks. In this patient population, the incidence of procedure-related 
death ranges from 0% to 3% and the incidence of major complications 

Table 3: Studies on catheter ablation of ventricular tachycardia

Author Year Report Type Patient, n EF % Substrate Treatment VT Follow-up, months Long term success % Mortality %

Reddy et al41 2007 Prospective Randomized 64 vs 64 31 vs 33 ICM VT Ablation+ICD vs ICD 22.5 88 vs 67 9 vs 17

Kuck et al42 2010 Prospective Randomized 52 vs 55 34 vs 34 ICM VT Ablation+ICD vs ICD 22.5 47 vs 29 10 vs 7

Maury et al43 2014 Retrospective 160 vs 378 50 ICM/NICM/ARVC VT Ablation vs ICD 32 83 12 vs 12

Calkins et al49 2000 Prospective Non-randomized 146 31 ICM/NICM VT Ablation 8 46 25

Stevenson et al48 2008 Prospective Non-randomized 231 25 ICM VT Ablation 6 53 18

Tanner et al47 2010 Prospective Non-randomized 63 30 ICM VT Ablation 12 51 9

Niwano et al50 2008 Prospective
Non-randomized

58 37 ICM/NICM VT Ablation 31 75 16

Carbucicchio et al51 2008 Prospective Non-randomized 95 36 ICM/NICM/ARVC VT Ablation 22 66 16

ARVC = arrhythmogenic right ventricular cardiomyopathy; EF = left ventricular ejection fraction; ICD = implanted cardioverter defibrillator, (N)ICM = (non)ischemic cardiomyopathy, VT = ventricular 
tachycardia. Modified from reference [52]
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an ICD or not? And if the patient benefits from the ICD removal, is 
the procedural risk of extraction appropriate and acceptable? 

According to Guidelines, hemodynamically tolerated sustained 
monomorphic VT is considered separately from hemodynamically 
unstable VT or VF, given the potential differences in arrhythmia 
substrate as well as in the response of VT to catheter ablation 
[44]. When occurring in the setting of LVEF ≤ 35%, regardless 
of the underlying disease process or history of VT ablation, ICD 
implantation is considered appropriate.58 Otherwise, with a normal 
LVEF (≥ 50%) and hemodynamically tolerated monomorphic 
VT, ICD implantation is rated appropriate in the setting of prior 
myocardial infarction or non-ischemic dilated cardiomyopathy in 
the absence of VT ablation, but it is rated as “may be appropriate” if 
successful VT ablation is performed.44 

The identification of patients who do not need no more ICD after 
ablation is not easy. RF catheter ablation of VT, if successful in the 
short term and follow-up, confers both qualitative and quantitative 
protection against VT recurrence and SCD,59 without significantly 
affecting total mortality. In ICD patients, even in the low-LVEF 
population, an U-shaped pattern for ICD efficacy in primary 
prevention was described, with pronounced benefit in intermediate-
risk patients and attenuated efficacy in lower- and higher-risk 
subsets.60 Both low LVEF and inducible tachyarrhythmias 
identify patients with CAD at increased mortality risk. LVEF 
does not discriminate between modes of death, whereas inducible 
tachyarrhythmia identifies patients for whom death, if it occurs, is 
significantly more likely to be arrhythmic, especially if LVEF is ≥ 
30%.61

According to evidences and guidelines, it seems reasonable to 
consider patients with ICD, who had a successful ablation for 
tolerated VT in the setting of normal heart or structural heart disease 
(mainly ischemic and nonischemic dilated cardiomiopathyes) with 
relatively preserved LVEF (>45%).44,62 

According to guidelines, the ICD can be avoided in:
- CAD and prior MI, sustained hemodynamically stable

monomorphic VT, all inducible VTs successfully ablated and LVEF 
≥ 50%;

- CAD and prior MI, sustained hemodynamically stable
monomorphic VT without troponin elevation (not secondary to 

from 3.6% to 10%.52 Nonetheless, most patients with post-infarction 
VT have multiple types of monomorphic VTs, and elimination of all 
VTs is often not feasible. As the recurrence of an ablated VT or the 
occurrence of a new VT can be fatal, RF ablation is rarely used as the 
only therapy for VT. Additionally, catheter ablation is necessary and 
can be life-saving in patients with electrical storm and incessant VT: 
acute suppression of clinical VT in electrical storm can be achieved in 
approximately 90% of patients, however, arrhythmic recurrences are 
frequent during follow-up. Ablation targeting critical isthmuses for 
stable VTs is successful, abolishing the inducible targeted or clinical 
VT in 71% to 86% of selected patients. During average follow-up 
ranging from 9 to 42 months, non-inducibility of the clinical VT 
immediately post-procedure is associated with a lower risk of VT 
recurrence and nonfatal VT (13 to 46%) compared with persistent 
inducibility of the clinical VT (up to 80%): the risk of SCD is low (0% 
to 6%) reflecting common use of ICDs for patients felt to be at risk.53 
Lack of inducibile ventricular arrhythmias following VT ablation 
is associated with improved survival.54 In patients with ablation 
failure or other inducible VTs, the 3- to 4-year risk of VT recurrence 
is much higher (60% to 64%) as compared with patients with no 
inducible monomorphyc VT of any morphology (recurrence 14% to 
20%). Additionally, induction of multiple VT morphologies during 
the procedure may predict higher risk of arrhythmia recurrence post 
ablation.55

Outcomes for VT due to non-ischemic cardiomyopathies are 
less well evidenced because the VT substrate is more variable 
and may require epicardial ablation with additional risk: such an 
approach was mainly considered at least in Europe after failure of 
initial endocardial approach.56 In a series of patients with ARVC 
and hemodynamically stable recurrent VT, extensive endocardial-
epicardial catheter ablation without insertion of an ICD resulted in 
freedom from recurrent VT and symptoms off antiarrhythmic drugs 
at > 2 years of average follow-up.57

ICD Lead Extraction After VT Ablation
The encouraging results of VT ablation raised the question about 

a potential indication to ICD removal after ablation. After ablation, 
a risk-benefits assessment should balance the probability of VT 
recurrences (and the related SCD risk), with the risk of overall ICD 
complications. In other words, is it better for an ablated patient to have 

Table 4: Risks of lead abandonment

Author Year Report Type Leads, n Patients, n Groups Follow-up Results: Abandon vs Remove

Rettig et al65 1979 Retrospective NA 25 pts with ≥ 1 aband. lead 1.8 y nc (fatal embolization of cut lead)

Furman et al66 1987 Retrospective N/A 152 pts with ≥ 1 aband. lead 4 y nc (1 fatal case of DRE)

Parry et al67 1991 Retrospective N/A 119 pts with ≥ 1 aband. lead N/A nc (42% inf vs 3% not inf MC)

deCock et al76 2000 Prospective 3.2 vs 2.0 48 pts ≥ 3 leads vs control 7.4 y nc

Suga et al68 2000 Retrospective 2.8 433 pts with ≥ 1 aband. lead 3.1 y nc (higher complication in aband.)

Bohm et al69 2001 Retrospective 1.0 ab. 60 pts with ≥ 1 aband. lead N/A nc (20% migration of cut leads)

Sweeney et al70 2002 Prospective N/A 58 upgrade: add vs replace 1.1 y ≈ no difference

Wollman et al71 2005 Retrospective 2.3 151 Add P/S 3.6 y Remove best (28.5% failure P/S)

Wollman et al72 2007 Retrospective 2.6 vs 1.4 33a vs 53r add HV vs replace HV 9.3 vs 6.7 y ≈ (70% add HV after failed TLE)

Silvetti et al74 2008 Retrospective 1.1 ab. 18 young pts&aband leads 4 y nc(11% DRE and 28% reimplant)

Glikson et al75 2009 Retrospective 1.5 ab. 78 aband. HV or P/S 3.1 y nc(no malfunction or thrombosis)

Amelot et al64 2011 Retrospective 3.4 vs 1.7 26a vs 32r ab. vs replace HV or P/S 3.2 y ≈ no difference

HV = high-voltage defibrillation lead; P/S = pace-sense lead; ≈ = no significant difference between extraction and abandonment; ab., aband. = abandonment; inf. = infective; DRE = device-related 
endocarditis; MC= major comoplications; N/A = not available; nc = not conclusive, refers to studies in which comparative analysis is not possible; TLE = transvenous lead extraction. Modified from 
reference [19]
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TLE for patients without infection is a controversial topic. Since it 

is less common for a patient to exhibit symptoms or to be at risk of 
death from the abandonment of not infected leads, it is more difficult 
to calculate the risk-benefits ratio of TLE in those patients.19, 64-72 In 
these situations, there must be a clinical goal that balances the risk of 
removal with reasonable alternatives, such as switching off/removing 
the ICD and abandoning the lead. However, a long term perspective 
is required to allow the decision to be made, since in the first few 
years the risk of leaving the lead implanted would be outweighted by 
the potential risks of lead extraction. Table 4. 

Factors favouring lead extraction, instead of abandonment:
• risk of future lead extraction: leads, when left behind, are

more difficult to remove and when removed are associated with 
an increased risk of major complications, which is much higher as 
the implantation duration prolongs. When planning an extraction 
procedure it is important to consider how long the lead has been 
implanted, the fragility or tensile robustness of each particular lead, 
and the extraction feasibility of that particular lead model.20 In a 
prospective registry of more than 3500 leads, extracted at 266 centers, 
Byrd et al. reported a 2-fold increase in the risk of extraction failure 
with every 3 years of implant duration.24

• MRI scanning is always contraindicated in presence of superfluous
or abandoned leads. Not all patients with indications for MRI 
scanning have reasonable alternatives. Apart from extra-cardiac MRI 
indications, cardiac MRI could be very useful in patients at risk from 
sudden cardiac death. A recent study shows the prognostic value of 
scar detected by MRI, irrespective of LVEF value: myocardial scarring 
detected by cardiac MRI is an independent predictor of adverse 
outcome in patients being considered for ICD placement. In patients 
with LVEF > 30%, significant scarring (>5% LV) identifies a high-
risk cohort, similar in risk to those with LVEF ≤ 30%. Conversely, in 
patients with LVEF ≤ 30%, minimal or no scarring identifies a low-
risk cohort similar to those with LVEF > 30%.73

• preserving venous access: several clinical studies have
demonstrated the common occurrence of venous stenosis and 
occlusion correlated with pacing and defibrillating leads: as a matter 
of fact, venous thrombosis is commonly observed in patients with 
abandoned leads.74-76 Moreover, Suga et al68 noted a significant 
increase in infection and asymptomatic venous occlusion in patients 
with multiple leads. In contrast, little is known about the effects of lead 
extraction on venous patency, and attempts to study this have been 
confounded by coexistent infection or ipsilateral reimplantation.77 
However, acute occlusion with thrombus (reported sometimes 
after extraction) usually responds to anticoagulation, while chronic 
occlusion (related to lead-venous interaction), that comes from 
progressive fibrosis, does not.

• reducing the risk of infection: over the last years, the increasing
use of CIEDs for the management of cardiac conditions has been 
associated with higher infection rates.78 Expanded CIED use alone 
cannot account for this rise, that involves both patient, leads and 
device-related factors. Indeed, nowadays patients tend to be older, 
with many comorbidities, while devices are more sophisticated, 
requiring more leads and surgical revision in the follow-up.79 Several 
risk factors for CIED infection have been identified, including the 
presence of more than 2 pacing leads80 and cardiac resynchronization 
therapy.81 Data regarding the risk of CIED infection in patients 
with abandoned leads have failed to demonstrate an increased 
risk of device-related infection, but are limited by small sample 

VT), all inducibile VTs successfully ablated and LVEF between 36 
and 49%;

- Non-ischemic dilated cardiomyopathy, sustained 
hemodynamically stable monomorphic VT, all inducible VTs 
successfully ablated and LVEF ≥ 50%;

- Non-ischemic dilated cardiomyopathy, sustained 
hemodynamically stable bundle branch reentry VT successfully 
ablated and LVEF ≥ 50%.

Sustained VT occurring in the setting different heart diseases, 
including genetic diseases, ARVC and infiltrative cardiomyopathy 
require special attention. Many of these scenarios are not specifically 
addressed in the guidelines or clinical trials, and represent a relatively 
small percentage of the population undergoing ICD implantation. 
Therefore, a careful clinical judgment based on review of limited 
evidence is required when making these decisions. In particular, 
despite promising experiences in literature,57 ARVC after successful 
ablation of all inducible monomorphic VTs still represents an 
indication to ICD implantation.44 

After successful VT ablation, patients still requiring ICD will be 
identified based on:

- history and clinical status;
- patient’s preference: the decision should be shared with a

completely informed patient about risk-benefits ratio;
- appropriate informed consent;
- legal issues: the decision should be made according to guidelines

and shared with the patient;
- electrophysiological data (electrophysiological study with

electroanatomical mapping); persistent VT inducibility after catheter 
ablation requires an ICD implant and/or repeat ablation;

- imaging data (magnetic resonance imaging (MRI) evaluation,
eventually after TLE).

In addition, the overall prognosis of a VT patient successfully 
ablated should be integrated by a risk benefits ratio estimation of 
ICD removal with or without a transvenous extraction procedure. 

TLE carries risks and surgical back-up is mandatory. To minimize 
risk to the patient, an individualized plan is required, taking into 
account the patient’s heart disease, the indications to extraction, 
the comorbidities, and the procedure’s technical challenges, as well 
as a plan following extraction. When considering the indication for 
lead extraction, it is important to relate the strength of the clinical 
indication to TLE to the early and long term outcome and the risk 
of the intervention, evaluated on an individualized patient basis. The 
risk of TLE is highly dependent on the training and experience of 
the extraction team.63 

Table 5:

Proposed management after successful ablation. These 
recommendations are applicable in patients with ICD who had 
successful ablation for tolerated VT in the setting of structural 
heart disease with relatively preserved ejection fraction (>45%)

Wait and see Lead abandonment Lead extraction

Normally functioning ICD +++

Device end of life
• Low-Volume, Low-Experience 
Centers, Patient Preference
• High-Volume, High-Experience 
Centers, Patient Preference

++

+

+

++

Lead malfunction + ++

Infection +++
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patients characteristics, patients presenting with malfunctioning 
leads could be at increased risk of recurrencies. Lead replacements 
present a high risk of infection. Lead extraction can be performed 
if there is a consistent follow-up without VT recurrences. In this 
clinical situation, since the patient has a malfunctioning lead, lead 
extraction is preferred over lead abandonment.
Infection

 Lead extraction, as class I indication, is first performed in order to 
treat infective complication.
Conclusion

 The risk-benefits ratio assessment of ICD extraction after VT 
ablation continues to be challenging. The high probability of VT 
recurrences with the related SD risk has to be balanced with the 
risk of overall cumulative ICD related complications. The benefits 
of the ICD in the reduction of mortality have been reached in 
clinical trials employing such imperfect devices. On the other hand, 
radiofrequency VT ablation, even if often successful in the short term, 
continues to not significantly affect total mortality. The progressive 
substrate disease plays a significant role in VT recurrences and risk 
of SD. To date, no control data have been published on transvenous 
lead extraction in the setting of VT ablation. Until then, ICD lead 
extraction may be considered only in patients with no structural (or 
minimal) heart disease, with preserved (or mild impaired) LV systolic 
function, with sustained, hemodinamically stable monomorphic VTs 
successfully ablated, after a  suitable follow up.
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Introduction
Atrial fibrillation (AF) is the most common arrhythmia in the 

general population and represents a major burden to health systems 
due to its taxing management and challenging treatment decisions. 
Its prevalence varies with age; about 1% in patients younger than 60 
years of age and approximately 8 % in patients older than 80 years 
of age.1 

Atrial fibrillation is associated with significant mortality and 
morbidity due to the increase in risk of stroke and impairment of 
cardiac function. This becomes increasingly significant in those 
patients with underlying structural heart problems and chronic 
diseases such as heart failure, diabetes, chronic hypertension and 
chronic kidney disease. It is estimated that caring for patients with 
atrial fibrillation costs five times more than a patient without AF.2

Chronic kidney disease (CKD) has been on the rise in US 
population. Its prevalence is estimated to be around 13% with nearly 

3% increase in the last 20 years.3 CKD is associated with increase 
morbidity and mortality, with cardiac disease representing the major 
cause of death in patients with end stage renal disease (ESRD).4 

The prevalence of AF in CKD patients is two to three times that 
in the general population. Soliman et al. examined 3,267 patients 
from the Chronic Renal Insufficiency Cohort, a prospective cohort of 
patients with CKD, and found AF to be present in 18% of patients.5 
This increases significantly to 25% in patients above 70 years of age. 
Using a multivariable adjusted model, AF was found to be significantly 
associated with age, female sex, smoking, history of heart failure and 
history of cardiovascular diseases. In ESRD, the rates of AF have 
been reported to be between 7% and 27%.6 This wide range has been 
attributed to differences in age of populations examined, length of 
hemodialysis, and clinical tools used in the documentation of AF 
between different studies. In Abe et al. holter monitoring was used 
in detecting ECG abnormalities in 221 outpatients receiving dialysis, 
7% of those patients have either persistent 3% or paroxysmal 4% 
atrial fibrillation.7 The use of Holter monitoring in only symptomatic 
patients may explain the low rate in this study. In contrast, a study 
by Genovesi et al. atrial fibrillation rates in patients on long term 
hemodialysis was 27%, paroxysmal in 3.5%, persistent in 9.6%, and 
permanent in 13.9%.8 Differences in age and length of dialysis may 
explain the high rate in this study. 

CHADS2 score has been used to risk stratify those patients with 
higher risk of stroke. Patients with CKD have higher risk of stroke 
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with more than half having a CHADS2 score ≥ 2 (Graph1). In a 
study by Nakagawa et al. decreased estimated glomerular filtration 
rate (eGFR) of less than 60 ml/min/1.73 m2 combined with 
CHADS2 score ≥ 2 was associated with higher all-cause (12.9% vs 
1.4% per year, hazard ratio [HR] 6.9, p <0.001) and cardiovascular 
(6.5% vs 0.2% per year, HR 29.7, p <0.001) mortalities compared to 
preserved eGFR (≥60 ml/min/1.73 m2) combined with CHADS2 
score < 2.9 Since CKD is more prevalent in older population, this 
represent a major burden due to increase prevalence of preexisting 
conditions in this population such as diabetes, congestive heart 
failure and hypertension, so the majority of patients will require 
anticoagulation.10 Although the management of atrial fibrillation has 
been clearly established in patients with normal renal function, the 
weight of evidence in patient with CKD and ESRD remains scarce.
Renal Disease and Atrial Fibrillation - Cardiovascular Risks

Patients with renal disease and AF have combined increase in 
morbidity and mortality rates. The United States Renal Data System 
(USRDS) estimates an annual mortality rate of 5% in patients with 
ESRD and AF compared to 3 % in those patients without AF.11,12 
In a study by Abbott et al. 3,374 patients were examined from the 
USRDS and Dialysis Morbidity and Mortality Study Wave II cohort 
study of hospitalized atrial fibrillation.13 The 3 year mortality rate of 
patients with ESRD and AF who had been hospitalized was 53 %, 
significantly higher than controls at 45%. Moreover in a single center 
study by Vázquez et al. the 4 year mortality rate in patients with 
ESRD and AF have been considerably higher than patients without 
AF alone, 80% vs 29% respectively.14

A bidirectional association has been described between CKD and 
cardiovascular disease. In a study Elsayed et al. data pooled from 
longitudinal community based studies revealed that cardiovascular 
disease is not only independently associated with kidney function 
decline but also a factor in the development of kidney disease 
itself.15 Adding to this complexity, a bidirectional relationship has 
been described between chronic AF and CKD.  In a prospective 
observational cohort study, which included 235,818 patients from 
a voluntary health check up program in Japan, kidney dysfunction 
increased the risk of new onset AF while the presence of AF 
resulted in an increase in the rate of kidney function decline and the 

development of proteinuria.16

Difficulties in the management of patients with cardiac disease 
can be due to multiple factors. For example, patients with CKD 
are less likely to undergo angioplasties even in the setting of acute 
myocardial infarction.17,18 Moreover, the lack of evidence based 
decisions in CKD population, due to the routine exclusion of these 
patients from clinical trials, interferes with the ability to make 
therapeutic decisions. Concerns regarding Drug elimination and 
pharmacokinetics in patients with CKD may result in the need of 
dosage modification or influence drug choice.17 Anticoagulation by 
itself can be extremely challenging given that the CKD population 
is at an increased risk of thrombosis and bleeding. Adding to all this 
complexity is the prevalence of comorbid conditions and the age 
variability in this patient population.
Pathophysiology

Two main components play a major role in the development of 
AF. Ectopic electrical activity, mainly from pulmonary veins, provides 
the trigger for initiating reentry involving aberrant circuits. This 
however cannot be maintained without an appropriate substrate. 
Atrial remodeling has been implicated in the development of AF and 
persistence.19,20 Atrial stretch provoked by hemodynamic overload, 
such in patients with ESRD, can promote structural and electrical 
alterations seen in tachyarrhythmia triggered mechanisms.20,21 

Furthermore, AF by itself can cause atrial remodeling through 
fibrosis, collagen deposition, fatty infiltration, molecular changes in 
ion channels and apoptosis.22,23 Thus, chronic remodeling plays an 
important role in patients with AF; the longer the heart remains in 
AF the harder to maintain sinus rhythm.24 

Electrolytes disturbances, such as hypokalemia, during dialysis 
sessions have been implicated in brief paroxysmal AF episodes 
most noted during the last two hours of dialysis.25,26 Inflammation 
and oxidative stress play a major role in the pathophysiology of 
AF. Elevated inflammatory markers have been associated with new 
onset and persistent AF.27 CKD is also associated with inflammation 
starting at early stages. Elevated inflammatory markers including 
C-reactive protein (CRP) have been reported in CKD. In addition,
CRP has been suggested as an outcome predictor for patients on
hemodialysis.28

Table 1: Antiarrhythmic Drugs

Antiarrhythmic Drug Standard Dose Renal Dose Special Considerations

Flecainide 50-150 mg Q12 CrCl < 35:  50 mg Q12 with frequent plasma level monitoring

Propafenone IR  150-300 mg Q8
ER 225-425 mg Q12

No data available, cautious administration

Amiodarone 600-1200 mg/day for total of 10 grams then 100-200 mg/day No dose adjustment

Dronedarone 400 mg Q12 No dose adjustment Serum creatinine levels increase by 
about 0.1mg/dL

Dofetilide 500 mcg Q12 CrCl 40-60:  250mcg Q12
CrCl 20-40:  125mcg Q12
CrCl < 20: contraindicated

Continuous ECG monitoring for 3 days

Ibutilide 1 mg IV over 10 minutes, may repeat after 10 minutes if needed No dose adjustment Continuous ECG monitoring for 4 hours

Sotalol 80-120 mg Q12 CrCl 40-60:  80mg/day
CrCl < 40:  contraindicated.

Continuous ECG monitoring for 3 days

Disopyramide 400-800 mg/day in divided doses CrCl 30-40:  100mg Q8
CrCl 15-30:  100mg Q12
CrCl < 15:    100mg Q24

CrCl 30-40:  100mg Q8
CrCl 15-30:  100mg Q12
CrCl < 15:    100mg Q24

CrCl <40:  Avoid ER

Quinidine Gluconate ER:  324-648 mg Q8-12
Sulfate IR:  200-400 mg Q6-8
Sulfate ER:  300-600 mg Q8-12

Reduce dose and monitor serum levels Continuous ECG monitoring for 3 days

ER- extended release; IR- immediate release
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Furthermore, the renin-angiotensin system may provide another 

link. Renin angiotensin gene expression and increase activation of 
angiotensin converting enzyme have been noted in atrial fibrillation.29 
CKD as well has been closely related to rennin angiotensin system. 
The use of angiotensin converting enzyme inhibitors (ACEI) and 
angiotensin receptor blockers (ARBs) have been shown to be beneficial 
in decreasing the incidence of AF after MI and maintaining sinus 
rhythm in patients with long lasting persistent atrial fibrillation.30-33 
Furthermore, treatment with ACEI and ARBs has been shown to 
slow the progression of CKD.34

Management of Arrhythmia
Management of arrhythmia in CKD is complicated due multiple 

factors. Lack of evidence due to the common exclusion of CKD 
patients from most trials have left clinicians with very difficult 
treatment decisions. Though rate-control vs rhythm-control in 
patients with AF has been studied in general population, no 
clear evidence exist regarding best approach in patients with 
CKD. Furthermore pharmacokinetic consideration, concurrent 
comorbidities, and variability of CKD patients make the task even 
more cumbersome.

Rhythm control in AF can be achieved through pharmacological or 
electrical cardio version. Although evidence in patients with CKD is 
lacking, evidence from AFFIRM (The Atrial Fibrillation Follow-up 
Investigation of Rhythm Management (AFFIRM) study: approaches 
to control rate in atrial fibrillation),35 STAF (Randomized trial of 
rate-control versus rhythm-control in persistent atrial fibrillation: the 
Strategies of Treatment of Atrial Fibrillation (STAF) study)36 and 
RACE II (The effect of rate control on quality of life in patients 
with permanent atrial fibrillation: data from the RACE II (Rate 
Control Efficacy in Permanent Atrial Fibrillation II)37 trials suggest 
rate-control as preferable approach over rhythm-control. In the 
AFFIRM trial, 4,060 patients with history of paroxysmal or chronic 
AF were assigned either to rate-control or an effort to maintain 
sinus rhythm. Both groups received warfarin. Patients in the sinus 
rhythm group could stop warfarin therapy after 4 weeks if they 

maintained sinus rhythm while receiving an antiarrhythmic drug. 
No significant increase in mortality was noted after 5 year follow-up. 
Similar stroke rates were noted in both groups; nevertheless all-cause 
hospitalization was significantly lower in rate-control group.35 In the 
STAF trial, 200 patients were randomized either to rhythm-control 
or rate-control and followed for a mean of 19.6 ± 8.9 months. There 
was no difference in the primary end point between rhythm-control 
(5.54%/year) and rate-control (6.09%/year). Primary end point was a 
combination of death, cardiopulmonary resuscitation, cerebrovascular 
event, and systemic embolism.36 Hospitalizations were noted to be 
higher in the rhythm-control group. Furthermore, in RACE II trial, 
no difference was noted in quality of life between rhythm-control 
and rate-control groups.37  

Few studies have addressed cardioversion outcomes in patients 
with renal disease. Williams et al. examined patients with CKD 
and post myocardial AF, and found that patients with CKD were 
less likely to be discharged in sinus rhythm post cardioversion 70% 
compared to patients with normal renal function 84%.38 In a small 
prospective study that followed patients after electrical cardioversion, 
Schmidt et al. concluded that impaired renal function was associated 
with an increased risk of atrial fibrillation recurrence.39 Furthermore, 
maintenance of sinus rhythm was associated with improvement in 
eGFR in patients with mild or moderate renal insufficiency.  

Multiple antiarrhythmic drugs can be used in patients with 
CKD, nevertheless each comes with its cautionary tale (Table 1). 
Propafenone is a good choice with low proarrhythmic potential in 
patients with CKD since it is metabolized by the liver. Nevertheless 
it should be avoided in patients with structural heart disease such 
as heart failure and significant left ventricular hypertrophy.40 Sotalol 
is water soluble thus renally excreted, caution should be advised in 
patients with CKD, hypokalemia and hypomagnesemia due to its 
proarrhythmic effects. Increase risk of torsades des points with sotalol 
has been observed in patients on dialysis.41 Amiodarone is a reasonable 
choice but its long term effect limits its use. The CASCADE (The 
Cardiac Arrest in Seattle: Conventional Versus Amiodarone Drug 
Evaluation) study evaluated antiarrhythmic drug therapy in 228 
patients who had survived an episode of out-of-hospital ventricular 
fibrillation and who were thought to be at high risk for recurrence.42 
Patients treated with amiodarone, even at the low doses were at higher 
risk for thyroid dysfunction and pulmonary toxicity. Dronedarone is 
mostly excreted in feces, so no initial adjustment of dose necessary. 
It is less effective than amiodarone and contraindicated in type III/
IV NYHA heart failure.43 Ibutilide is intravenous agent, it’s a good 
agent for cardioversion of AF or A-flutter in CKD but caution 
should be taken in hypokalemia and hypomagnesemia status due to 
its proarrhythmic potential.44 Dofetilide is mostly renally excreted; 
need dosage adjustment in patients with CKD due to increase risk 
of ventricular arrhythmias.45 Flecainide is mainly renally excreted, its 
toxicity have been reported with severe CKD.46 Not recommended 
in CKD patients.

Rate control in patients with CKD can be achieved by multiple 
agents such as lipophilic β-blockade (commonly metoprolol and 
carvedilol), non-dihydropyridine calcium channel blockers such as 
diltiazem and antiarrhythmic drugs such as amiodarone. Digoxin can 
be used but caution should be taken due to increase risk of digitalis 
toxicity secondary to its narrow therapeutic window especially in 
dialysis patients.47 Water soluble β- Blockers such as atenolol, sotalol 
and nadolol should be avoided. Slow release formulation of verapamil 

Table 2: Bleeding risk in patients with CKD

Study Name Agent Bleeding risk

Friberg et al.63 No 
Anticoagulation

Multivariate analysis showing 1.05 hazard ratio for 
intracranial bleeding and 1.59 hazard ratio for major 
bleeding in patients with renal disease.

Hart et al. 65 Adjusted-dose 
warfarin
Fixed-dose 
warfarin + aspirin

Adjusted-dose warfarin:
eGFR ≥ 60 ml/min per 1.73 m2, 2 year rate(%) of all 
major bleed is 2.5
Stage 3 CKD, , 2 year rate(%) of all major bleed is 6.3
Fixed-dose warfarin + aspirin:
eGFR ≥ 60 ml/min per 1.73 m2, 2 year rate(%) of all 
major bleed is 3.6
Stage 3 CKD, , 2 year rate(%) of all major bleed is 6.3

 Wieloch et al. 66 Warfarin eGFR ≥ 60 ml/min per 1.73 m2 risk/patient year 
(%) was 1.7
eGFR < 30 ml/min per 1.73 m2 risk/patient year 
(%) was 7.7

Olesen et al. 54 Warfarin/Aspirin Patients with no renal disease had a 3.54 Event Rate 
per 100 Person-yr
Patients with non end-stage CKD had a 8.77 Event 
Rate per 100 Person-yr
Patients with ESRD had a 8.89 Event Rate per 100 
Person-yr

Chan et al. 67 Warfarin Patients on hemodialysis had increase risk of 
hemorrhagic stroke (Hazard ratio of 2.22)

Winkelmayer et 
al. 68

Warfarin Patients on hemodialysis had increase risk of 
hemorrhagic stroke (Hazard ratio of 2.38)

CKD: Chronic Kidney Disease, eGFR: estimated glomerular filtration rate



www.jafib.com Apr-May 2015| Volume 7| Issue 6

Featured ReviewJournal of Atrial Fibrillation Featured ReviewJournal of Atrial Fibrillation65 Featured Review
may increase the risk of bradycardia secondary to third-degree AV 
block and hypotension especially in ESRD patients.48 Further more 
verapamil and diltiazem should not be used in patients with left 
ventricular function of less than 40% due to their negative inotropic 
effect.49

Catheter ablation is established effective technique in treating AF. 
Few studies have examined catheter ablation in patients with kidney 
disease. Naruse et al. examined 221 patients with CKD (defined as 
an eGFR <60 mL/min/1.73 m2) with AF who underwent successful 
catheter ablation.50 After a mean follow-up of 32 months, the 
study concluded that patients with CKD have a higher recurrence 
rate 57% compared to patients with normal kidney function 33%. 
However, patients with CKD in the study were noted to be older 
with higher rates of hypertension and larger left atrial volumes which 
make it harder to conclude that renal function was purely responsible 
for higher recurrence rates. In another small study patients on 
hemodialysis with AF who underwent successful catheter ablation 
had a higher recurrence rate compared with age and sex matched 
patients not on dialysis.51

Anticoagulation in CKD
Patients with CKD and AF are at increased risk of thromboembolism 

due to disorganized atrial contraction.17 Multiple studies have 
addressed the higher risk of stroke in patients with kidney disease.  
Genovesi et al. performed a prospective study examining the risk of 
stroke in 476 patients on hemodialysis, 15.4% of patients with AF 
had stroke compared to only 12.4 % of patients with sinus rhythm.52 
Go et al. examined 10,908 patients with AF and CKD and found 
that compared with patients with eGFR ≥ 60 mL/min, patients 
with eGFR 45 – 59 mL/min had a relative risk of 1.16 for stroke 
and patients with eGFR < 45 mL /min had a relative risk of 1.39.53 
Olesen et al. using danish registries have examined 132,372 patients 
with non-end stage chronic kidney disease and reported an increase 
risk of stroke and thromboembolism among patients with CKD.54 

It’s clear that patients with CKD have an added risk of 
thromboemolism with AF. Paradoxically, the risk of bleeding in this 
population is higher than general population.  Vázquez et al. examined 
the hemorrhagic complications of ESRD patients on anticoagulation 
with a mean follow-up of 20 months. It was demonstrated that 
patients on anticoagulation had a 2.36 fold increase of hemorrhage 
risk compared to patients not on anticoagulation.55 In prospective 
study by Shimizu et al., hemorrhagic stroke was significantly increased 
in patients with eGFR < 60 mL/min/1.73 m2.56 Furthermore, in a 
subgroup analysis of the more recent AVERROES (Apixaban Versus 
Acetylsalicylic Acid to Prevent Strokes in Atrial Fibrillation Patients 
Who Have Failed or Are Unsuitable for Vitamin K Antagonist 
Treatment), ARISTOTLE (Apixaban for Reduction in Stroke 
and Other Thromboembolic Events in Atrial Fibrillation), and 
ROCKET-AF (Rivaroxaban Once Daily Oral Direct Factor Xa 
Inhibition Compared With Vitamin K Antagonism for Prevention 
of Stroke and Embolism Trial in Atrial Fibrillation) bleeding risk 
was higher in patients with CKD.57-59

CHADS2 scheme is the most widely used scoring systems to identify 
patients at higher risk of stroke and in need of anticoagulation (1 point 
is given for congestive heart failure, 1 point for hypertension, 1 point 
for age>75, 1 point for diabetes mellitus, and 2 points for transient 
ischemic attack or previous stroke). Each 1 point on CHADS2 
scoring system correlates to a factor of 1.5 increase in stroke rate 
per 100 patient-years without antithrombotic therapy.60 In patients 

with CHADS2 score of ≥ 2, anticoagulation is recommended. In 
patients with low CHADS2 score < 2 further stratification is needed 
using CHA2DS2-VASc, which include additional risk factors such 
as female gender, Age > 65, and vascular disease. It’s proposed that 
CHA2DS2-VASc is a better tool in predicting low risk patients 
who are less likely to benefit from anticoagulation. Wizemann et al., 
have demonstrated increase risk of stroke in patients with elevated 
CHADS2 on hemodialysis.61 Nevertheless, no studies have been 
done to assess the value of CHADS2 and CHA2DS2-VASc in 
patients with CKD.

HAS-BLED scoring system has been used to identify those 
patients on anticoagulation who are at higher risk of bleeding.62 It 
assigns 1 point for each bleeding risks which includes hypertension, 
abnormal liver or renal function, stroke, history of bleeding, labile 
INR, and drugs). Patients with HAS-BLED score ≥ 3 are considered 
high risk. This scoring system defines renal dysfunction as the 
presence of ESRD with long term hemodialysis therapy, history of 
renal transplantation or serum creatinine ≥ 2.26 mg/dL. It ignores 
mild to moderate renal dysfunction which could have a significant 
impact on bleeding risks. Friberg et al., have shown that renal 
function is a significant predictor of major bleeding.63 But again, 
no specific studies have addressed the risk of bleed in correlation to 
multiple stages of CKD.

Few studies have assessed the use of anticoagulation with warfarin 
in patients with CKD (Table 2). Lai et al. demonstrated beneficial 
use of anticoagulation in patients with AF and CKD with decrease 
in the incidence of thromboembolic events without increase in the 
risk of bleeding.64 Hart et al. examined AF patients participating 
in the SPAF (Stroke Prevention in Atrial Fibrillation III) trial and 
found that among the 516 participants with stage 3 CKD, ischemic 
stroke/systemic embolism was reduced 76% in the adjusted-dose 
warfarin group compared to the aspirin/low-dose warfarin group.65 
A very recent swedish study examined 3,536 patients on warfarin 
and found no correlation between glomerular filtration rate and 
thromboembolic events but glomerular filtration rate levels < 30 ml/
min/1.73 m2 were particularly associated with high risk of bleeding.66 
Table 3: New novel anticoagulation dose adjustment

Drug Name Study Excretion Dosages and renal adjustment 
(manufacturer’s  recommendations)

Dabigatran RE-LY75 Mostly renal CrCl > 30 ml/min : 150 mg orally twice daily
 CrCl 15-  30 ml/min : 75 mg orally  twice 
daily
 CrCl < 15 ml/min : Avoid

Rivaroxaban ROCKET AF57 Partially renal CrCl > 50 ml/min : 20 mg orally once daily
CrCl 15 - 50 ml/min : 15 mg orally once daily
CrCl < 15 ml/min : Avoid

Apixaban ARISTOTLE59

AVERROES 58
Partially renal Recommended dose: 5 mg orally twice daily

No dose adjustment required in patients with 
mild, moderate, or severe renal impairment 
alone 
In patients with at least 2 of the following:
- age ≥80 years
- body weight ≤60 kg 
- serum creatinine ≥1.5 mg/dL

The recommended dose is 2.5 mg orally 
twice daily

CrCl < 15 ml/min : Avoid

CKD: Chronic Kidney Disease, CrCl: creatinine clearance,  AVERROES :  Apixaban Versus 
Acetylsalicylic Acid to Prevent Strokes in Atrial Fibrillation Patients Who Have Failed or Are 
Unsuitable for Vitamin K Antagonist Treatment, ARISTOTLE : Apixaban for Reduction in Stroke and 
Other Thromboembolic Events in Atrial Fibrillation, RE-LY (Randomized Evaluation of Long-term 
anticoagulation therapy), and ROCKET-AF : Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition 
Compared With Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial 
Fibrillation
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Furthermore, observational studies in hemodialysis patients 

resulted in conflicting data. Chan et al. examined a large database of 
US dialysis provider and identified 1,671 patients on hemodialysis 
with preexisting AF.67 The study revealed an increase risk of 
hemorrhagic stroke (HR 2.22) and ischemic stroke (HR 1.81) in 
patients on warfarin with double the risk of any type of stroke in 
patients with warfarin use compared to patients without warfarin use. 
It’s important to note that some of weaknesses in the study include 
the lack of information regarding the indication and the length of 
warfarin use. Winkelmayer et al. in large retrospective observational 
study found increase hemorrhagic stroke risk (HR 2.38) with no 
difference in ischemic stroke, gastrointestinal bleed, or overall 
mortality in dialysis patients with newly diagnosed AF being treated 
with warfarin.68 Moreover, in a much larger study by Olesen et al., 
a significant decrease in the risk of ischemic stroke and systemic 
embolization in ESRD patients with AF on warfarin was observed.54 

The lack of controlled randomized studies, of different stages of 
CKD, makes it difficult to draw conclusions regarding warfarin use 
in this population and the validity of currently use risk stratification 
systems for stroke prevention and bleeding assessment is unclear 
given that these mechanisms differ in CKD patients compared to the 
general population.

Warfarin use can be further prohibited in patients with CKD 
due to its side effects. Vascular calcification is a known side effect 
to warfarin.69 Warfarin inhibit vitamin K- dependent proteins 
including G1a protein which play a major rule in bone mineralization 
and preventing vascular calcifications.70  This becomes especially 
important in patients with CKD and dialysis where patients already 
suffer from vasculopathy with high mortality rates.71 Hemodialysis 
patients who received long term warfarin have been found to have 
increase risk of vertebral fracture, aortic calcifications and mortality. 
Also long term warfarin use has been associated with lower bone 
density.72 The degree of actual burden in patients with CKD is yet to 
be examined.

Warfarin related nephropathy have been also described in 
literature. Faster progression of CKD has been reported in patients 
with overanticoagulation (INR>3). Although the exact mechanism 
is unknown, it is proposed to be caused by glomerular hemorrhage 
and renal tubular obstruction.73 Patients with CKD have been shown 
to have a high risk of developing warfarin related nephropathy. 
Brodsky et al. demonstrated that in those patients on long term 
warfarin therapy, 33 % of CKD patients developed warfarin related 
nephropathy compared to16% in patients without CKD. Warfarin 
induced nephropathy was associated with increased mortality as 
well.74

In the last few years multiple new oral anticoagulation drugs have 
been introduced (Table 3). Three of these drugs, dabigatran (a direct 
thrombin inhibitor), apixaban and rivaroxaban (Factor Xa inhibitors) 
have been studied in a large phase III randomized trials and shown 
promising results. These agents are becoming more popular due to 
the lack of frequent dose adjustment, few food and drug interactions 
and faster onset of action. Moreover, these agents have been shown 
to have less intracranial hemorrhage risk when compared to warfarin, 
an increasingly feared complication of warfarin due to its difficult 
management and possible deadly outcome.17 Nevertheless, fatal 
bleeding worldwide has been reported secondary to their use and 
the lack of an antidote remains an issue. Furthermore, these drugs 
may interact with common cardiac medications such as amiodarone, 

verapamil, and dronedarone which may increase the risk of bleeding.
In the RE-LY (Randomized Evaluation of Long-term 

anticoagulation therapy) study, dabigatran was shown to be superior 
to warfarin in stroke and systemic embolization prevention, however 
higher gastrointestinal bleed rates were reported.75 Although patients 
with severe renal dysfunction have been excluded from the study, 
the Food and Drug Administration (FDA) approved the use of 
dabigatran 75 mg twice daily in patients with eGFR 15-30 mL/min. 
On the other hand and due to the lack of evidence the European 
Medicine Agency does not recommend its use in patients with 
eGFR < 30mL/min.76

Rivaroxaban has been compared to warfarin in the ROCKET 
AF study. It was shown to be non inferior to warfarin for stroke 
and systemic embolization reduction with lower rates of major 
bleeding.77 In ARISTOTLE, apixaban was found to be superior to 
warfarin in stroke and systemic embolization reduction with lower 
rates of bleeding.78,79 Both Rivaroxaban and apixaban demonstrated 
no difference in heterogeneity in the treatment effect in multiple 
stages of CKD. Furthermore a subanalysis of ARISTOTLE showed 
bleeding to be less common in patients with moderate to severe 
CKD in patients using apixaban compared to patients on warfarin.79

Aspirin and Clopidogrel
It is well established that aspirin is inferior to warfarin in stroke 

prevention. In a sub group analysis of AVERROES study, apixaban 
have been shown to reduce the stroke and systemic embolization by 
68% in patients with eGFR 30-60 mL/min who are unsuitable for 
warfarin compared to aspirin.80, 81

Clopidogrel have been shown to inhibit platelets less effectively in 
patients with renal impairment. Proposed mechanisms include the 
lack of gpIIb/IIIa receptor due to pre-occupation with uremic toxins 
and activation of inhibitory mechanisms of nitric oxide.17

Conclusion
 Patients with CKD are more likely to have AF than the general 

population. Evidence suggests that kidney dysfunction increases 
the risk of new onset AF while the presence of AF results in an 
increase in the rate of kidney function decline and the development 
of proteinuria.16

Patients with CKD and AF are difficult to manage due to lack of 
evidence based treatment in this patient population. Furthermore, 
risk stratification modules commonly used to assess stroke and 
bleeding risks such as CHADS2 and HAS-BLED have not been 
fully validated in CKD patients of different stages of the disease.

Best treatment approach of rate-control vs rhythm-control 
remains controversial in patients with CKD due to lack of evidence 
and pharmacokinetic consideration remains a major hassle.

Anticoagulation as well, in CKD population, is challenging. 
Warfarin has been associated with more bleeding in CKD patients. 
Although newer agents have shown promise with decrease risk of 
intracranial hemorrhage, fatal bleeding has been reported and the 
lack of antidote remains a challenge.17

It is clear that the burden of providing care to patients with CKD 
is complicated. Individualization of treatment and sound clinical 
judgment may be the only safeguard until further evidence regarding 
treatment options is available.
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Introduction
As target sites of atrial fibrillation (AF) ablation have expanded to 

broader areas of both atria, more detailed information about cardiac 
anatomy has become necessary. Traditionally, electrophysiologists 
have used fluoroscopy with contrast medium to visualize the cardiac 
structure. However, this technique provides images with poor 
resolution, and it also exposes patients and healthcare providers to 
radiation. 

The merging of three-dimensional electro-anatomical mapping 
systems, such as EnSite Velocity/NavX (St. Jude Medical, St. Paul, 
MN, USA) or Carto (Biosense Webster, Diamond Bar, CA, USA), 
with computed tomography (CT) or magnetic resonance imaging 
(MRI) can produce high-resolution images and reduce radiation 
exposure during the ablation procedure. Nonetheless, due to changes 
in intravascular volume, patient position, and/or cardiac rhythm, 
the CT or MR images may not always accurately reflect the actual 
cardiac anatomy, resulting in misleading catheter manipulation. 

Intracardiac echocardiography (ICE), on the other hand, provides 
real-time information on cardiac structure intraoperatively without 
harmful effects, such as radiation exposure, on patients and healthcare 
providers. Phased-array ICE (SoundStar and AcuNav catheter, 
Biosense Webster, Diamond Bar, CA, USA)1,2 has some particular 
advantages, including a larger depth of field, Doppler color flow 
imaging, and steerability, compared with conventional mechanical 
ICE. The purpose of this review was to describe the application 

of the phased-array ICE catheter to AF ablation and to clarify its 
effectiveness.
Exclusion of Thrombi in the Left Atrial Appendage: 
Intracardiac versus Transesophageal Echocardiography

While previously ICE considered to be less sensitive than 
transesophageal echocardiography (TEE) for identifying atrial 
thrombi in the left atrial appendage (LAA),3 ICE has been shown to 
be a good alternative to TEE for this purpose prior to the AF ablation 
procedure.4–6 The disagreement in visualization sensitivity seems to 
be related to the location where the ICE probe was placed. ICE has 
been shown to provide 100% visualization of the LAA when the ICE 
probe is advanced to the pulmonary artery (PA) and not reserved to 
the right atrium (RA).5, 6 The LAA is located closer to the PA than to 
the esophagus, with no obstacle between the LAA and PA, and thus, 
images of the LAA produced by ICE are of a higher quality than are 
those produced by TEE (Figure 1). 

Anter et al.5 examined 71 patients to assess thrombi in the right 
atrial appendage (RAA) and LAA with the simultaneous use of 
TEE and ICE. RAA and LAA could be viewed in all 71 patients 
using ICE but in only 69 patients using TEE because of the inability 
to intubate the esophagus in some cases. A total of four thrombi 
were diagnosed (3 LAA, 1 RAA). ICE detected all four thrombi, 
but TEE detected only one. Diagnostic imaging of the LAA was 
achieved in 71 patients (100%) with ICE and in 62 patients (87.3%) 
with TEE (P < .002). Thus, ICE used in the PA was superior to 
TEE in detecting LAA thrombi, and it seems especially applicable 
for patients in whom TEE probe insertion is difficult. 

However, as the ICE catheter is not as flexible as are mapping 
catheters, the advancement of the ICE probe to the PA may be 
difficult in some patients and may even cause the complication 
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Abstract
Current advanced technology allows the accurate three-dimensional reconstruction of cardiac structures using multiple images from 

two-dimensional intracardiac echocardiography (ICE). This technology is applicable to atrial fibrillation (AF) ablation and provides real-time 
anatomical information on relevant atrial structures and myocardial thickness as well as suitable sites for transseptal puncture. ICE allows 
radiofrequency to be delivered away from structures resistant to ablation and the monitoring of possible complications during AF ablation. 
Visualization of the inside of both atria during the procedure may contribute to safe and effective AF ablation. The purpose of this review was 
to elucidate the utility of ICE in AF ablation.
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of cardiac tamponade. In such cases, the ICE catheter should be 
carefully manipulated, or a mapping catheter advanced to the PA 
may serve as a landmark to guide the ICE catheter to the PA.
Transseptal Puncture

ICE has greatly increased the safety of the transseptal puncture. A 
target site for puncture in AF ablation is usually the foramen ovale 
(FO), because subsequent procedures would be easier in the left atrium 
(LA). For transseptal puncture, the ICE probe should be placed at the 
sites from which the FO is clearly visible. The lateral site of the RA 
is preferable for this purpose (Figure 2), and the ICE probe should 
be moved there with a long sheath with a curved tip, such as the SL0 
(St. Jude Medical, St. Paul, MN, USA). To visualize more anterior or 
posterior parts of the FO, operators should rotate only the ICE shaft. 

The long sheath should be fixed in order to maintain the ICE probe’s 
spatial position. These methods allow operators to understand easily 
the orientation of the relevant cardiac structures. Since the PV and 
mitral isthmus are located more posteriorly and anterior-inferiorly 
relative to the FO, the posterior and anterior-inferior parts of the FO 
are suitable as puncture sites for pulmonary vein isolation (PVI) and 
mitral isthmus ablation, respectively, for the procedure thereafter. The 
point at which the transseptal needle contacts the FO is detectable 
on ICE. If no tenting of the FO is visible, then the needle tip is not 
attached to the FO. In such a situation, the direction or the curve of 
the transseptal needle tip should be adjusted to cause tenting of the 
FO.

ICE enables transseptal puncture even in patients with an atrial 
septal defect closure device.7 Transseptal access can be obtained 
in portions of the native septum in the majority of cases. Direct 
transseptal puncture with the device is feasible and safe but requires 
a longer amount of time for each transseptal access. 

ICE has also been shown to prevent cardiac tamponade related to 
the transseptal puncture. Aldhoon et al. reported that the incidence 
of cardiac tamponade was as low as 0.25% in 1192 consecutive 
AF ablation procedures.8 They performed ICE-guided transseptal 
puncture in all procedures and suggested that the low incidence of 
cardiac tamponade might be attributed to the sole use of ICE during 
the transseptal puncture. Similarly, a study conducted by Lee et al. 
also showed no cardiac tamponade during the ablation procedure,9 
although TEE was used instead of ICE. Thus, visualization of the 
relevant atrial structures during transseptal puncture helps reduce 
complication rates.
Utility of Intracardiac Echocardiography for Challenging 
Cavo-tricuspid Isthmus Ablation

Despite a high success rate, radiofrequency ablation of the 
cavo-tricuspid isthmus (CTI) can be unusually challenging in 
some cases. Bencsik et al.10 assessed the efficacy of ICE vs. that of 
fluoroscopy alone for CTI ablation in 102 patients. Compared to 
the fluoroscopy group, the group in which ICE alone was employed, 
procedural and fluoroscopic times were significantly shortened, and 
the radiofrequency energy required for creating the CTI conduction 
block was reduced. Seven patients (13%) from the fluoroscopy-only 

Figure 1:
An intracardiac echocardiogram of the left atrial appendage from 
the pulmonary artery. LAA = left atrial appendage, PA = pulmonary 
artery

Figure 2:
Standard position of intracardiac echocardiography probe to 
observe the foramen ovale.
ICE = intracardiac echocardiography

Figure 3:
An intracardiac echocardiogram acquired at the home view 
position. Ao = aorta, RA = right atrium, RVOT = right ventricular 
outflow tract
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group crossed over to the ICE-guidance group because of prolonged 
unsuccessful radiofrequency ablation (RFA), and all were treated 
successfully. The authors concluded that the primary reason for 
the difficulty in achieving the CTI conduction block in these cases 
was the highly variable and complex anatomy of the CTI, such as 
pouches near the Eustachian ridge or the concave morphology of the 
CTI. However, ICE may have enabled visualization of the suitable 
sites for ablation in order to create the successful conduction block. 

Morton et al.11 assessed CTI morphology before and after the 
ablation of a typical atrial flutter in 15 patients. A pouch or recess (n 
= 11) and trabeculations (n = 10) were seen among the 15 patients. 
The septal CTI was more likely to have pouches than was the lateral 
CTI, but the latter had more prominent trabeculations. Anterior, 
mid-, and posterior CTI thicknesses pre-RFA were 4.1 ± 0.8, 3.3 
± 0.5, and 2.7 ± 0.9 mm, respectively, and post-RFA were 4.8 ± 0.8 
mm (P = NS vs. pre-RFA), 3.8 ± 0.8 mm (P = 0.05 vs. pre-RFA) 
and 3.8 ± 0.8 mm (P = 0.02 vs. pre-RFA), respectively. ICE allowed 
operators to guide ablations away from deep recesses and prominent 
trabeculations and to observe the changes in diffuse atrial swelling 
by RFA.
Utility of Intracardiac Echocardiography for Pulmonary Vein 
Isolation

Three-dimensional ICE images of the left atrium (LA) and 
pulmonary vein (PV) guide the appropriate placement of the ablation 
catheter and enable operators to monitor tissue contact during the 
AF ablation procedure. Moreover, ICE allows the reduction of the 
fluoroscopic time for PVI. Pratola et al.12 have examined different 
image integration modalities with the Carto electro-anatomical 
mapping system to guide AF ablation, and they concluded that ICE 
image integration with Carto significantly reduced fluoroscopy time 
and the time spent in the LA in comparison to those seen for MRI 
and Carto integration. 

   In addition to ICE, the integration of CT images with three-
dimensional electroanatomical information is helpful for AF ablation. 
Kimura et al.13 reported the usefulness of CT image integration 
with ICE images for PVI. Through matching both the respiratory 
phase and the cardiac cycle during CT and ICE image acquisition, 
the distance of corresponding sites between both images was 1.08 ± 
0.14 mm, significantly smaller than that between the CT image and 
electroanatomical data.

How to Visualize the Left Atrium
The CartoSound™ module (Biosense Webster, Diamond Bar, 

CA, USA) can create a three-dimensional echocardiographic image 
from multiple two-dimensional images.14 Although the acquisition 
of the LA image from the LA itself allows for more detailed LA 
geometry,15 most two-dimensional images of the LA can be obtained 
from the RA. To obtain these images, the ICE tip is first advanced 
to either the high RA and/or the low RA, adjusted to which part of 
the LA is the region of interest (ROI). The basic position to identify 
each relevant region of the LA is the so-called “Home view” position 
(Figure 3), in which the RA, right ventricular outflow tract, and aorta 
are observed. Clockwise rotation of the ICE from the “Home view” 
position provides visualization of the FO, LA body, mitral annulus 
(MA), and LAA as well as of the left ventricle (LV) (Figure 4 A). The 
left superior pulmonary vein (LSPV) is visualized with a little further 
clockwise rotation (Figure 4 B). In some cases, it might be difficult to 
distinguish the LSPV from the LAA, because they are located very 
close to each other. However, an observation of the LAA continuing 
to the MA and of the LAA morphology could help differentiate the 
LSPV from the LAA; therefore, careful manipulation of the ICE 
probe is essential. The left inferior pulmonary vein (LIPV) is seen 
just after or simultaneously with the LSPV (Figure 4 C), usually at 
around the “6 o’clock” position on the wedged-shape image when 
the ICE probe is placed in the RA. Next, the LA main body or the 
esophagus is visualized (Figure 4 D) before the right superior and 
inferior pulmonary veins are finally visualized (Figure 4 E). The 
pulmonary artery is observed next to the right superior pulmonary 
veins. As shown in figure 4F, once the access to the LA is achieved, 
the LSPV is also a suitable site for visualizing the LAA.
How to Visualize the Right Atrium

As in the LA, a basic position for the ICE probe to reconstruct 
the RA geometry is also the “Home view” position, and the height 
of the ICE probe should be adjusted to the ROI. The coronary sinus 
ostium, an important structure for AF ablation, appears with the 
ICE probe moved a little downward from the “Home view” position 
(figure 5A). Counterclockwise rotation shows the RAA, CTI, and 
crista terminalis (figures 5B–D). While observing the CTI from the 
inferior vena cava-RA junction, the Eustachian ridge might produce 
some acoustic shadow, which can be misinterpreted as the bottom 
of the CTI. In such cases, the ICE probe should be moved to above 

Figure 4:

Three-dimensional reconstruction images of the left atrium. 
LAA = left atrial appendage, LIPV = left inferior pulmonary vein, 
LSPV = left superior pulmonary vein, PA = pulmonary artery, RIPV = 
right inferior pulmonary vein, RSPV = right superior pulmonary vein

Figure 5:
Three-dimensional reconstruction images of the right atrium.
CT = crista terminalis, CTI = cavo-tricuspid isthmus, CS = coronary 
sinus, FO = foramen ovale, RAA = right atrial appendage
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as from the left anterior oblique view, should also be monitored for 
early diagnosis of cardiac tamponade. 

ICE can detect thrombosis occurring in the AF ablation procedure. 
Information of the thrombi obtained from the images could help 
determine how to treat them. There have been a few case reports in 
which ICE revealed thrombosis during AF ablation. In one case, a 
thrombus as long as 8 cm was found in the LA and was treated with 
25 mg alteplase, and it completely disappeared within 20 minutes.20 
In another case, ICE detected a serpiginous atrial thrombus (23 × 2 
mm). It was aspirated with a 10 mL syringe attached to the proximal 
end of the fixed-curve sheath. ICE imaging confirmed complete 
removal of the thrombus.21 As noted above, ICE is the only way to 
detect thromboses during the ablation procedure; therefore, early 
detection and early intervention of the thrombosis by ICE might 
reduce the incidence of thromboembolic complications related to AF 
ablation. 

Phrenic nerve paralysis is the most frequently observed complication 
during cryoballoon ablation, occurring in roughly 7 to 9% of cases.22 
Monitoring of diaphragmatic motion with ICE during phrenic nerve 
pacing may help reduce the risk of phrenic nerve palsy.23

Limitations of Intracardiac Echocardiography
Rordorf et al. examined the dimensional accuracy of ICE image 

reconstruction using a multislice CT (MSCT) three-dimensional 
image as a gold standard.24 Despite an agreement of latero-septal 
LA diameter between the ICE and MSCT images, the anterior-
posterior and superior-inferior LA diameter were shorter in ICE 
than those in MSCT. ICE underestimated the LA dimension, as 
MSCT showed. This discrepancy was probably due to some “blind” 
areas in the LA that were overlooked by ICE. If the observation of 
the LA occurs only from the RA, the echo beam is directly parallel 
to the LA anterior wall, resulting in a blind side there. Advancement 
of the catheter to the coronary sinus, right ventricular outflow tract, 
or the LA itself would resolve this problem, but it may also result 
in complications or increased time consumption. The extent of 
ultrasound exploration should be determined based on the risks and 
benefits in each individual case. 

Furthermore, there may be some discrepancies between the 
interpolated surface of the atria created by the CartoSound module 
and the real atrial endocardial surface, which could make the tip of 
the ablation catheter appear seemingly outside of the atrial shell; this 
might be attributed to the algorithms of the CartoSound module or 
to a hard push of the ablation catheter.

Conclusion
 Detection of thrombi in the LAA is superior with ICE than 

with TEE. ICE enables the guidance of relevant atrial structures 
during transseptal puncture and contributes to safe access to the LA. 
Three-dimensional reconstruction ICE images may facilitate the 
deployment of the ablation catheter to the ROI and the monitoring 
of its contact on the atrial surface. Lastly, ICE has contributed to 
the early diagnosis of some complications during the AF ablation 
procedure. Thus, ICE has become an indispensable tool for AF 
ablation.
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