
Introduction

The most common sustained supraventricular ar-
rhythmia in adults is atrial fibrillation (AF). The 
overall prevalence of AF is reported as 0.4% 1with 
prevalence increasing with age: 16-20% of those 
aged >85 years have AF .2 In most patients, AF is 
treated with the goal to reduce symptoms and de-
crease risk of stroke. Left atrial appendage (LAA) 
thrombi have been documented in approximately 
10% of patients with AF in the absence of anticoag-
ulation 3,4 and lends to a risk of stroke several times 
higher than the general population. 5

Catheter ablation has increasingly become the ther-
apy of choice for symptomatic, recurrent, drug re-
fractory atrial fibrillation (AF). Since the discovery 
of the pivotal role of the pulmonary veins (PV) in 
the genesis of atrial fibrillation by Haissaguerre et 
al. in 1998, 6 electric isolation of the PVs has formed 

the cornerstone of current ablation techniques .7,8 

This can be accomplished by surgical methods,9 

or via catheter-based radio frequency ablation 
(RFCA) .10 RFCA procedures typically involve the 
use of a variety of ablation catheters under fluoro-
scopic guidance to electrically isolate the PVs from 
the left atrium (LA), with or without the guidance 
of a three-dimensional (3D) electroanatomic map-
ping system .11,12

Despite advances in ablation techniques, RFCA 
continues to be a challenge in part due to the high
degree of variability in individual anatomy. It is 
known that anatomic imaging by fluoroscopy is 
limited by poor soft tissue resolution and exposure 
to ionizing radiation. Additionally, the catheter-
based electroanatomic map often cannot replicate 
complex and highly variable PV and LA anatomy. 
13 The reported success rate of RFCA procedures 
at midterm follow up is 70-80% and major com-
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plication rate including PV stenosis, tamponade, 
and stroke is about 5% .14 The limited success rate 
and occurrence of major complications is in part 
due to the complexity and variability in PV and LA 
anatomy.

The purpose of this article is to provide a compre-
hensive review of the utility of computed tomog-
raphy (CT) in image-guided RFCA, the additional 
radiographic and functional anatomic data pro-
vided by this imaging modality, and a comparison 
between CT and alternative radiologic modalities 
in RFCA.

CT for Left Atrium and Pulmonary Vein 
Mapping

Conventional pulmonary venous anatomy is de-
fined as the presence of single right and left supe-
rior and inferior pulmonary veins that drain into 
the left atrium without any accessory veins (Fig-
ure 1). In a series of 201 patients who underwent 
evaluation of left atrium and pulmonary vein anat-
omy with thin-section (2.5mm) contrast enhanced 

CT scans, 71% of patients were found to have two 
ostia on the right side for upper and lower lobe 
veins, 28% had three to five ostia on the right side, 
due to one or two separate middle lobe vein os-
tia in 26% of patients. The majority of patients 
(86%) had two ostia on the left side for the upper 
and lower lobe veins; 14% were found to have a 
single ostium .15 In a smaller series of 34 patients, 
CT detected pulmonary venous variants in 6% of 
patients and identified other cardiac abnormali-
ties, including suspicious pulmonary malignancy, 
mediastinal adenopathy, and coronary stenosis in 
44% of patients .16 

While there is considerable variation in the ap-
proach to RFCA for AF, at most centers the pre-
dominant approach to RFCA for AF focuses on 
PV isolation at the junction of their entry into the 
left atrium, or the ostium .17,18In addition to pro-
viding important anatomic landmark informa-
tion, preoperative evaluation of the left atrium and 
the PVs has been shown to reduce fluoroscopic 
and procedural time .7,19,20,13 Preprocedural imag-
ing for RFCA should include the following major 
features: (i) precise anatomy of the LA and PVs, 

Figure 1A: CT images of the left atrium. Axial 
image demonstrating the four pulmonary 
veins, appendage, and surrounding cardiac 
structures.

Figure 1B: Coronal image demonstrating left 
atrial anatomy. LA=Left atrium, LAA=left 
atrial appendage, LSPV=left superior pul-
monary vein, LIPV=left inferior pulmonary 
vein, RSPV=right superior pulmonary vein, 
RIPV=right inferior pulmonary vein.



(ii) precise measurement of each ostial diameter
and the distance to the first branch, (iii) presence
of accessory or supernumerary PVs, (iv) the LA
dimension and the presence of LAA thrombus,
and (v) major anomalies like common PV ostia,
persistent left superior vena cava, anomalous
pulmonary venous return, vein of Marshall, or
hypoplasty or occlusion of PV.

CT Imaging Protocol

CT imaging protocols vary by device manufac-
turer, model, detector number and institution-
specific protocols with regards to radiation 
exposure. Multi-detector CT imaging at our in-
stitution is performed with the 320-detector row 
Aquilion One scanner (Toshiba Medical Systems, 
Japan). The cardiac CT protocol for all studies is 
a gated dynamic volume acquisition using slice 
thickness of 1.0mm, with 0.5mm reconstruction 
thickness. Image acquisition is gated to 40% 
of the R-R interval. For patients in atrial fibril-
lation, rate control is optimized to less than 80 
bpm prior to the CT study. The tri-phase contrast 
protocol includes a total volume of 60mL (70mL 
if BMI > 29) of the noniodinated contrast mate-

rial iopamidol (Isovue 370; Bracco Diagnostics, 
Princeton, NJ) administered at a rate of 4mL/sec in 
the following sequence: 20mL saline test injection, 
40mL (100% contrast), 20mL (50% saline, 50% con-
trast), 65mL (30% saline, 70% contrast), followed 
by 30mL saline.

CT versus Other Imaging Modalities for Pre-
Procedural Assessment

There are a number of imaging modalities for 
pre- or intra-procedural assessment for AF ab-
lation including fluoroscopy, transesophageal 
echocardiography (TEE), 21 intracardiac echo-
cardiography (ICE) ,22 magnetic resonance im-
aging (MRI), 23 and CT angiography .24 Several 
studies have demonstrated the utility of car-
diac multi-detector CT angiography to show 
the anatomy of the LA and PVs prior to RFCA. 
24,25,26 In comparison to other imaging modali-
ties, CT has been shown to be superior to fluo-
roscopy, TEE, and ICE to depict the numbers 
of PV ostia. 25,27,28 In addition, CT angiography 
showed equivalent diagnostic value to ICE in 
depicting supernumary PVs, without the user-
dependent challenges with ICE .25 CT can also 
obtain detailed volumetric data with 0.5mm 
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Figure 2A: Computed tomography image of 
left atrium (LA) with left atrial appendage 
(LAA) with corresponding transesophageal 
echocardiogram images of LA and LAA.
CT and TEE images demonstrating contrast 
filling defect compatible with a thrombus.

Figure 2B: Right posterior oblique view high-
lighting the right veins.



spatial resolution, allowing for better depic-
tion of LA and PV structure compared to ICE 
and TEE. 15 Perhaps most importantly, CT al-
lows for images to be imported for procedure 
guidance into the real-time nagivation system.

CT for Left Atrial Thrombus Detection

The current practice for detection of LA and LAA 
thrombus usually consists of performing a TEE 
prior to RFCA. With the increasing use of CT prior 
to RFCA for anatomic guidance of RFCA, the ef-
ficacy of CT for detection of LA thrombus has been 
studied, although data is limited. LA thrombus is 
identified by CT as an intracavitary contrast filling 
defect, with attenuation characteristics similar to 
nonenhanced tissues and differing from surround-
ing normal pectinate muscle and fat by the reader 
(Figure 3) .29,30 Anecdotally, CT can provide excel-
lent imaging of LA thrombus, but its systematic 
use has not been consistently validated.

Our group sought to determine the accuracy and 
interobserver variability of CT in the evaluation 
of LA thrombus prior to RFCA in 50 patients who 
underwent 64-slice multidetector CT scan and 
TEE prior to ablation 29 (figure 2). We demonstrat-
ed that interobserver variability between the three 
CT readers was poor (highest kappa statistic 0.43, 
p=0.0001). Diagnostic accuracy was highly vari-
able, with sensitivities ranging from 100% to 50% 
and specificities ranging from 85% to 44%. TEE 
reader agreement, in comparison, was 98%. Based 
on these findings, even amongst experienced ob-
servers, CT cannot reliably diagnose LA throm-
bus, as the interobserver variability is substantial 
compared to TEE. Potential factors affecting the 
accuracy of CT include image quality and the dif-
ficulty differentiating clot from pectinate muscle.

Jaber, et al. evaluated CT’s ability to detect LA 
thrombus, finding perfect CT accuracy (sensi-
tivity and specificity of 100%) in detecting LA 
thrombus, however used an older generation CT 
scanner with 4-detector row and 500-ms gantry 
time. 30 While the reason for this discrepancy is 
not entirely clear, this latter study did not provide 
interobserver variability, heart rate at the time of 
study acquisition, or x-ray tube current during 
scanning. Another study comparing 64-slice CT 
to TEE for detection of LA thrombus in 51 pa-
tients reported similar efficacy .31 Limitations of 
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Figure 3A: 3-D reconstructed image of the left 
atrium using the CartoMerge system. Abla-
tion lesions are denoted by solid red dots.
A. Left posterior oblique view highlighting
the left pulmonary veins.

Figure 3B: Right posterior oblique view high-
lighting the right veins.



± 12 months. 37 While the majority of randomized 
control data evaluating image integration-guided 
RFCA demonstrates increased efficacy compared 
to conventional methods, Kistler et al. found that 
image integration-guided RFCA did not signifi-
cantly improve clinical outcomes (acute outcomes 
or long-term outcomes at 6 months) in 80 patients 
who were randomized to conventional methods 
versus image integration-guided RFCA. 38 

The majority of randomized controlled trials eval-
uating the efficacy of image integration-guided 
RFCA have been performed using CartoMerge 
technology (CartoMerge, Biosense Webster, Inc., 
Diamond Bar, CA, USA). Initial case series reports 
using alternative technologies, however, have also 
suggested feasibility and success for image inte-
gration-guided RFCA.39,40 Piorkowski et al. report-
ed feasibility and successful placement of complex 
linear ablation line concepts guided by an integrat-
ed 3D image using the ‘Digital Image Fusion’ (DIF) 
algorithm provided by NavX-EnSite (Endocardial 
Solutions, Inc., St Paul, MN, USA) .40

CT Imaging Prior to Balloon-based PVI

The limitations of RFCA including point-by-point 
creation of ablation lesions, complex navigation, 
and small but definite risk of complications (PV 
stenosis, stroke, atrial-esophageal fistula) has led 
great interest in developing balloon catheter-based 
ablation technology. Balloon catheters using vari-
ous ablative energy sources including cryothermal 
energy (CRYO; CryoCath Technologies, Inc, Can-
ada) and “hot” balloon ablation catheters which 
are elastic balloon ablation catheters composed of 
an antithrombotic, heat-resistant resin (Toray In-
dustries, Inc., Houston, Texas), have and continue 
to be developed to allow for single or few energy 
applications to achieve PVI, rather than long, con-
tiguous circumferential ablation lines formed in 
RFCA .41 

With the use of these techniques, CT is likely to be 
beneficial in providing individualized imaging of 
the LA chamber both for size and PV anatomy, as 
well as to help facilitate selection of the appropri-
ate balloon catheter size and whether more than 
one balloon size may be required. As further tech-
nologies for pulmonary vein isolation are devel-
oped in the future, these are likely to be anatomi-
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this study, however, included small population 
size, and lack of data on interobserver variability. 
These studies suggest that the use of CT for the 
detection of LA thrombus is limited by high in-
terobserver variability, modest diagnostic accu-
racy, and radiation exposure. At this time it does 
not appear that CT is an adequate substitute for 
the gold standard of TEE in the detection of LA 
thrombus prior to RFCA. Additional research di-
rected at different image acquisition techniques, 
lowering heart rate, and the evaluation of new-
ly evolving technological developments in CT 
should be pursued.

CT Image Integration-Guided Ablation ver-
sus Conventional Methods

Early case series evaluating image integration-
guided RFCA (CartoMerge, Biosense Webster, 
Inc., Diamond Bar, CA, USA) found this method 
to be feasible, accurate, reproducible, and inde-
pendent of breathing artifact.32,33,13,34 Initial experi-
ences in our group with this method suggested 
that (i) CT and MR images can be successfully 
used for the anatomically correct extraction and 
reconstruction of the LA and PV anatomies; (ii) 
3D MR/CT reconstructions can be accurately reg-
istered with a real-time mapping system using a 
combination of two registration strategies; (iii) 3D 
image integration allows for tailored RFCA to in-
dividual PV and LA anatomy during AF ablation 
(Figure 3). 13 

While limited, randomized control studies to 
evaluate the efficacy of image integration-guided 
RFCA suggest this method improves the success 
of RFCA. 35,36,37 Martinek et al. evaluated clinical 
outcome data in 100 patients undergoing RFCA by 
either conventional method or image integration-
guided method at 6 months .36 Overall success was 
reported to be 67.9% in the conventional group 
compared to 85.1% in the image-integrated RFCA 
group (p=0.018). Additionally, the group reported 
over 50% risk of PV stenosis in the conventional 
method group compared to 5.7% risk in the im-
age integration-guided group. In a prospective, 
randomized trial of 290 patients, the atrial fibrilla-
tion-free survival rate was significantly higher in 
the image integration-guided RFCA group com-
pared to the conventional method group (88% 
versus 69%, p=0.017) at a mean follow-up of 14 
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et al reported on the clinical presentation, diagno-
sis, and management of PV stenosis in 23 patients 
post PVI who underwent CT pre- and post-PVI to 
assess for PV anatomy and subsequent stenoses 
.18The study found that CT was helpful in identi-
fying the location and extent of stenoses, with lim-
ited yet significant correlation between the extent 
of stenoses seen on CT images and that seen at the 
time of angiography.

Other Aspects of CT

CT provides the additional advantage that it is op-
erator-independent unlike other imaging modali-
ties such as TEE and ICE. By delineating complex 
LA and PV anatomy, CT enables the RFCA op-
erator to take a more individualized approach to 
RFCA for each patient. This preprocedural knowl-
edge may allow for less use of radiation and over-
all decrease in procedure time during the RFCA. 
In addition, CT is safe for patients with implanted 
devices, a known limitation in MRI.

Regarding the limitations of CT, of primary con-
cern is the radiation exposure associated with CT 
compared to other imaging modalities. Increas-
ing data from large patient studies indicate that 
cumulative effective doses of radiation increase 
with advancing age, with CT imaging account-
ing for up to 38% of the total effective radiation 
dose .47 While the individual radiation dose from 
CT is far less than the radiation exposure incurred 
during a RFCA procedure itself, these findings 
have prompted a more individualized approach 
and critical evaluation of the necessity of CT im-
aging with respect to RFCA. Given the concerns 
for cumulative radiation exposure over a lifetime, 
one might consider MRI as the imaging study of 
choice prior to RFCA, especially in those with a 
known history of substantial lifetime radiation 
exposure and otherwise uncomplicated anatomy. 
Additionally, patients who are relatively young 
being considered for RFCA may be appropriate 
candidates for MRI rather than CT prior to RFCA 
to help minimize their lifetime cumulative radia-
tion exposure. Children and young adults are 
inherently more radiosensitive and have more 
remaining years of life during which a radiation-
induced cancer may develop. 48

After evaluation of the benefits and limitations, if 
CT is still felt to be the most appropriate imaging 

cally based, and imaging of the pulmonary veins 
and left atrium for procedure planning will con-
tinue to be a crucial part of the these procedures.

CT Evaluation of Post-Ablation Complica-
tions

There are a number of recognized major complica-
tions of RFCA, including stroke, tamponade, vas-
cular injury, atrio-esophageal fistula, pulmonary 
vein stenosis/occlusion, hemothorax, heart block, 
acute lung injury, and mitral valve injury. The 
complication rates reported vary considerably; 
our group found an overall complication rate of 
5% in a retrospective study of 641 patients post 
RFCA. 42 With regards to the cardiac and vascu-
lar complications, CT is a relatively low-risk, fast, 
and readily available imaging modality to assess 
for the majority of such complications.

A significant risk associated with balloon cath-
eter-based technology is phrenic nerve palsy, 
with reported complication rates of 7.1% with the 
high-intensity focused ultrasound (HIFU) tech-
nique and 7.5% with the cyroballoon technique. 
43, 44 In one study, CT imaging of the right pericar-
diophrenic artery could reliably locate the right 
phrenic nerve and, if located within 10mm of the 
right superior pulmonary vein, poses a higher 
risk of phrenic nerve injury using balloon ablation 
devices. 45 In this regard, pre-procedural CT may 
provide critical information regarding phrenic 
nerve anatomy and location, thereby identifying 
patients at higher risk for phrenic nerve injury, al-
though this is not yet routinely examined.

Pulmonary vein (PV) stenosis is a well known 
complication of PVI for atrial fibrillation man-
agement and while the majority of patients who 
develop PV stenosis are asymptomatic, it can be 
associated with significant morbidity. In a series 
of 608 patients undergoing PVI, Robbins et al 
reported the incidence of pulmonary vein steno-
sis following catheter ablation. 46 All patients in 
the series underwent spiral CT at 1, 3, 6 and 12 
months post-procedure. The study demonstrated 
that severe (≥70%) narrowing was detected in 
3.4%, moderate (50% to 69%) narrowing in 4.4% 
and mild (<50%) narrowing in 7.7% of patients. 
From a total of 15 pulmonary veins considered 
to be totally occluded by sprial CT, 7 were con-
firmed by pulmonary vein angiography. Packer 



study for a particular patient, several studies have 
reported effective methods to reduce the radiation 
dose including: (i) lowering kilovoltage setting, (ii) 
automatic ECG-pulsed tube current modulation, 
(iii) dose modulation with mid-diastole, (iv) pro-
spective gating, (v) non-ECG gating, and (vi) spe-
cial filtering .49,50,51 Most importantly, there is al-
ways going to be a balance between radiation dose
and image quality. RFCA operators should strive
to reduce the radiation dose of the pre-procedure
CT as much as possible while still obtaining an im-
age quality adequate to help guide the procedure.

Conclusions

Computed tomography has many well-established 
uses in cardiovascular medicine. Review of both 
case series reports and randomized control studies 
demonstrates that CT is a suitable, if not preferred, 
modality for preprocedural assessment of LA and 
PV structure, size, and volume prior to RFCA, in 
addition to its use in the procedure to help guide 
ablation. CT has also been shown to be potentially 
beneficial prior to balloon catheter-based proce-
dures, particularly by identifying patients at high 
risk for phrenic nerve injury complication. Re-
garding identification of LA thrombus, at this time 
CT does not appear sufficient to replace TEE prior 
to RFCA. Overall, as with any imaging technol-
ogy, the benefits of CT must be weighed against 
limitations, particularly radiation exposure to the 
patient.
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