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Abstract

Rationale and Objectives—Geometric analysis of the left atrium and pulmonary veins is 

important for assessing reverse structural remodeling following cardiac ablation therapy. Most 

volumetric analysis techniques, however, require laborious manual tracing of image cross-

sections. Pulmonary vein diameters are typically measured at the junction between the left atrium 

and pulmonary veins, called the pulmonary vein ostia, with manually drawn lines on volume 

renderings or in image slices. In this work, we describe a technique for making semi-automatic 

measurements of left atrial volume and pulmonary vein diameters from high resolution CT scans 

and demonstrate its use for analyzing reverse structural remodeling following cardiac ablation 

therapy.

Methods—The left atrium and pulmonary veins are segmented from high-resolution computed 

tomography (CT) volumes using a 3D volumetric approach and cut planes are interactively 

positioned to separate the pulmonary veins from the body of the left atrium. Left atrial volume and 

pulmonary vein ostial diameters are then automatically computed from the segmented structures. 

Validation experiments are conducted to evaluate accuracy and repeatability of the measurements. 

Accuracy is assessed by comparing left atrial volumes computed with the proposed methodology 

to a manual slice-by-slice tracing approach. Repeatability is assessed by making repeated volume 

and diameter measurements on duplicated and randomized datasets. The proposed techniques 
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were then utilized in a study of 21 patients from the Catheter Ablation versus Antiarrhythmic Drug 

Therapy for Atrial Fibrillation Trial (CABANA) pilot study who were scanned both before and 

approximately three months following ablation therapy.

Results—In the high resolution CT scans the left atrial volume measurements show high 

accuracy with a mean absolute difference of 2.3±1.9 cm3 between volumes computed with the 

proposed methodology and a manual slice-by-slice tracing approach. In the intra-rater 

repeatability study, the mean absolute difference in left atrial volume was 4.7±2.5 cm3 and 4.4±3.4 

cm3 for the two raters. Intra-rater repeatability for pulmonary vein diameters ranged from 0.9 to 

2.3 mm. The inter-rater repeatability for left atrial volume was 5.8±5.1 cm3 and inter-rater 

repeatability for pulmonary vein diameter measurements ranged from 1.4 to 2.3 mm. In the patient 

study, significant (p < .05) decreases in left atrial volume and all four pulmonary vein diameters 

were observed. The absolute change in LA volume was 20.0 cm3, 95% CI [12.6, 27.5]. The left 

inferior pulmonary vein diameter decreased 2.1 mm, 95% CI [0.4, 3.7], the left superior 

pulmonary vein diameter decreased 3.2 mm, 95% CI [1.0, 5.4], the right inferior pulmonary vein 

diameter decreased 1.5 mm, 95% CI [0.3, 2.7], and the right superior pulmonary vein diameter 

decreased 2.8 mm, 95% CI [1.4, 4.3].

Conclusions—Using the proposed techniques, we demonstrate high accuracy of left atrial 

volume measurements as well as high repeatability for left atrial volume and pulmonary vein 

diameter measurements. Following cardiac ablation therapy, a significant decrease was observed 

for left atrial volume as well as all four pulmonary vein diameters.

1. Introduction

In left atrial fibrillation (AF), the atria of the heart beat rapidly and asynchronously resulting 

in irregular heartbeats. It has been shown that patients with AF have increased left atrial 

volumes and pulmonary vein diameters [1, 2], a process termed structural remodeling. 

Cardiac ablation therapy is a treatment strategy in which catheters are guided into the left 

atrium and used to created radiofrequency lesions in the myocardial tissue in order to 

interrupt the aberrant electrical signals causing the arrythmia. Reverse structural remodeling 

has been shown to occur following ablation therapy with decreases in left atrial volume and 

pulmonary vein diameters [3, 4, 5, 6, 7]. To date, however, most analysis techniques of left 

atrial volume require labor intensive manual tracing of image cross-sections [4, 8] or 

volumetric estimation using line measurements from orthogonal images slices [5, 6, 9]. 

Pulmonary vein diameters have also typically been measured with manual approaches using 

line measurements in image slices [2, 6, 10, 11, 12, 13] or on volume renderings [3, 4, 14] as 

illustrated in Figure 1.

In this work, we have developed a semi-automated approach for measuring left atrial 

volume and pulmonary vein diameters from high resolution CT scans. After extracting the 

left atrium and pulmonary veins as a single structure from the volumetric data, the 

pulmonary veins are separated from the body of the left atrium by interactively positioning a 

3D cut plane at the pulmonary vein ostia. The cut plane is visualized simultaneously as a 3D 

plane in a volume view as well as lines in the three orthogonal image views. The oblique 

image which represents the ostial plane is also shown in an additional window. The 

combination of these visual cues allows the user to accurately position the plane based on 
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both 3D and 2D anatomical information and the the final diameter measurement is 

automatically computed in the oblique ostial image plane. The proposed techniques were 

validated to assess both accuracy against a manual slice-by-slice tracing approach and 

repeatability across duplicated datasets. We note that preliminary work on the segmentation 

and validation studies have been previously reported in conference form [15, 16].

The proposed methodologies are utilized to conduct an analysis on a collection on 21 

patients from the Catheter Ablation versus Antiarrhythmic Drug Therapy for Atrial 

Fibrillation Trial (CABANA) pilot study who were scanned both before and approximately 

three months following ablation therapy. Consistent with previous studies [4, 5, 6, 7], we 

observed significant decreases in left atrial volume and all four pulmonary vein diameters 

following ablation therapy.

2. Methods

2.1. Segmentation and Analysis

The segmentation methodology utilizes a semiautomatic approach in which an analyst 

interacts with a user interface developed specifically for this application, shown in Figure 2. 

On the left side of the user interface is a control panel which has several different tabs to 

select different components of the workflow. Pre-processing techniques, manual and semi-

automatic segmentation tools, and measurement tools are available through these tabs. 

Visualizations of the current segmentation result are shown in both cross-sectional image 

slices and a three-dimensional volume rendering. Planes in the volume rendering indicate 

the location of the images slices. As modifications are made to the segmentation, results are 

instantaneously displayed in both the image cross-sections as well as the volume rendering.

The segmentation workflow consists of a series of steps with minimal user interaction which 

operate on the 3D volumetric data. First, a median filter is run to reduce noise in the volume. 

Next, the mitral valve plane is defined using a semi-automatic approach. The user manually 

draws a line which separates the mitral valve from the left atrium on a subset of the images 

slices where the mitral valve is visible. The tool automatically interpolates between the 

manually drawn lines to create a plane which separates the mitral valve from the left atrium. 

This plane serves as a boundary in subsequent segmentation steps. Next, the user 

interactively selects a threshold and the left atrium, left atrial appendage, and pulmonary 

veins are segmented as a single structure using a region growing operation. This initial 

segmentation can contain extraneous surrounding anatomic structures which are removed 

using a geodesic SKIZ [17] algorithm that searches for thin connections between points 

defined by the user either in cross-sectional image slices or on the volume rendering. In 

short, two seed points are selected and morphologic erosion is applied until the two seeds 

are no longer connected and morphologic conditional dilation is used to re-grow the regions. 

If necessary, additional modifications can be made using manual tracing tools on either the 

3D volume rendering or image slices.

Next, the left atrial appendage and pulmonary veins are separated from the left atrium. The 

left atrial appendage is separated using a three-dimensional manual tracing tool to delineate 

the appendage boundary in the volume rendering view. The pulmonary veins are separated 
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by interactively positioning a cut plane in a 3D visualization as shown in Figure 3. 

Orthogonal images along the bottom of the panel show the location of the cut in axial, 

sagital, and coronal views and the upper right image shows the oblique slice along the 

pulmonary vein. The user can interactively adjust the plane either by directly clicking on the 

plane with a mouse and rotating it in the volume rendering or using a set of three rotation 

buttons. The 3D visualization (top left) is used to position the plane to a position which is 

approximately orthogonal to the axis of the pulmonary vein. The location of the plane is also 

shown as a red dotted line in each standard orthogonal cross-sectional view along the bottom 

panel. The user can scroll through the cross-sectional images in each orientation to verify the 

placement of the cut throughout the image volume. In addition, the lines on the cross-

sectional images can be dragged to change the location and orientation of the 3D cut plane. 

The oblique image (top right) is used as an additional visualization which illustrates the 

shape and size of the pulmonary vein ostium. This technique has the advantage that multiple 

visualizations can be utilized simultaneously in order to determine the most accurate 

location of the pulmonary vein ostium. Once the best position of the plane is determined, a 

cut is made at that location using a 3D region growing technique and the pulmonary vein is 

separated from the left atrium. A normal variation in pulmonary vein anatomy is to have a 

single common trunk for a pair of superior and inferior pulmonary veins [18]. In this case, a 

single cut plane is defined where the trunk enters the left atrium. The amount of time 

required for a complete segmentation including identification of the pulmonary vein cut 

planes ranges from 15 to 45 minutes depending on the quality of the data and patient 

anatomy.

When the segmentation is complete, the user selects the measurement tab and the tool 

automatically computes left atrial volume by summing the voxels assigned to each structure 

and scaling by the voxel size. Pulmonary vein diameter measurements are made by first 

extracting the oblique image slices corresponding to the cut planes defined during the 

segmentation process. Next, the boundary of the pulmonary vein is extracted from the 

oblique image and the pulmonary vein diameter is computed as the longest line along the 

enclosed curve. The diameters computed for the four pulmonary veins from the dataset in 

Figure 3 are shown in Figure 4.

2.2. Description of Data

High-resolution, contrast enhanced computed tomographic datasets were obtained from the 

Catheter Ablation versus Antiarrhythmic Drug Therapy for Atrial Fibrillation Trial 

(CABANA) pilot imaging study repository. All imaging datasets were obtained from 

patients in the ablation arm of the study who were enrolled based on the following summary 

of the inclusion/exclusion criteria. Patients can be included in the trial if they are ≥65 years 

of age, or if they are <65 years of age with one or more of the following risk factors for 

stroke: hypertension, diabetes, congestive heart failure, prior stroke, transient ischemic 

attack or systemic emboli, atherosclerotic vascular disease, left atrial size >5.0 cm, or 

ejection fraction ≤35. Subjects <65 years of age whose only risk factor is hypertension must 

have a second risk factor or left ventricular hypertrophy to qualify. Patients are excluded 

from the trial if they have had recent cardiac events including myocardial infarction, 

percutaneous coronary intervention, or valve or bypass surgery in the preceding 3 months, 
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hypertrophic obstructive cardiomyopathy, Class IV angina or Class IV congestive heart 

failure, or other arrhythmias mandating anti-arrhythmic drug therapy. Each participating site 

obtained approval from the local Institutional Review Board prior to data collection. A 

standard imaging protocol was provided to each site which requested prospective gating 

when possible based on condition of the patient (sinus rhythm) and available hardware. 

Parameter ranges for data reconstruction were as follows: slice thickness, 0.60 to 2.0 mm; 

in-plane resolution, 0.30 to 0.71 mm; and approximately 55% to 70% of the R-R interval.

2.3. Validation Studies

In the first validation study, accuracy of the left atrial volume measurements using the 

proposed volumetric segmentation technique were compared to a manual slice-by-slice 

tracing approach across 3 datasets. In the manual slice-by-slice approach, the boundary 

between the left atrium and each pulmonary vein was defined as the line that connects the 

points of maximal curvature on each side of the pulmonary vein. This rule was also applied 

to the boundary with the left atrial appendage. The mitral valve was not included as part of 

the left atrium. Absolute differences were computed between the 3D semi-automatic and 2D 

manual tracing approach. The pulmonary vein measurements were not evaluated in the 

accuracy study as there is currently no standard approach to utilize as the gold standard 

reference.

In the second validation study, inter- and intra-rater repeatability of the left atrial volume 

and pulmonary vein diameter measurements were evaluated across 2 raters and 6 datasets. 

First, the 6 high resolution CT datasets were duplicated and the order randomized so the 

analyst was blinded as to which datasets were the same. Next, each of the 12 datasets were 

semiautomatically segmented and left atrial volume and pulmonary vein diameters were 

computed. Absolute differences were computed between the 6 duplicated datasets for each 

rater to assess intra-rater repeatability. Absoulte differences between the two raters were 

computed across the 12 datasets to assess inter-rater repeatability.

2.4. Patient Study

Datasets were collected from 22 patients at sites participating in the CABANA pilot imaging 

study. Each patient was scanned at baseline and approximately 3 months following ablation 

therapy. In one patient, the baseline and follow-up scans were collected at different points in 

the cardiac cycle and this patient was therefore excluded from the study. Each of the 42 

datasets was segmented independently with the analyst blinded to time point and over-read 

by an experienced radiologist (JFB). In the case of a common trunk in the pulmonary vein 

anatomy, the measurement of the full trunk was divided in half to obtain a measurement for 

each of the superior and inferior veins.

3. Results

3.1. Validation Studies

In the accuracy study, the mean absolute differences in left atrial volumes between the 

proposed semiautomatic approach and the manual slice-by-slice approach was 2.3±1.9 cm3. 

Results of the inter- and intra-repeatability study are given in Table 1. Inter-rater 
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repeatability is similar between the two raters, with mean left atrial volume differences 4.7 

and 4.4 cm3 for rater 1 and rater 2 respectively. Differences in pulmonary vein diameters 

ranged from 0.9 to 2.3 mm. As expected, absolute differences for the inter-rater repeatability 

were slightly higher; however, volumetric differences were still only 5.8 cm3 for left atrial 

volume and 1.4 to 2.3 mm for pulmonary vein diameters. These studies demonstrate that our 

methodology is both accurate as well as repeatable.

3.2. Patient Study

Left atrial volumes at baseline and follow-up across all subjects are shown in Figure 5. The 

mean left atrial volume measured at baseline and three month follow up is given in Figure 

6(a) with the mean change in left atrial volume given in Figure 6(b). Across the 21 patients, 

the mean decrease in LA volume was 20.0 cm3, 95% CI [12.6, 27.5]. The mean pulmonary 

vein diameters measured at baseline and three month follow up are given in Figure 6(c) with 

the mean change pulmonary vein diameters given in Figure 6(d). The mean decrease in left 

inferior pulmonary vein diameter was 2.1 mm, 95% CI [0.4, 3.7], the mean decrease in left 

superior pulmonary vein diameter was 3.2 mm, 95% CI [1.0, 5.4], the mean decrease in right 

inferior pulmonary vein diameter was 1.5 mm, 95% CI [0.3, 2.7], and the mean decrease in 

right superior pulmonary vein diameter was 2.8 mm, 95% CI [1.4, 4.3]. Using a paired t-test, 

significant decreases (p < .05) were found in left atrial volume and all four pulmonary vein 

diameters.

4. Discussion and Conclusions

In this work, we describe a semi-automated technique for measuring left atrial volume and 

pulmonary vein diameters. The method was demonstrated to be accurate as compared to 

manually traced gold standard data and repeatable across a set of randomized and repeated 

datasets. Results were demonstrated on a series of patients undergoing cardiac ablation 

therapy. Using the proposed method, it was demonstrated that left atrial volumes and all four 

pulmonary vein diameters decreased following ablation treatment which is consistent with 

prior studies [3, 4, 5, 6, 7].

While the application demonstrated in the current work is the analysis of reverse structural 

remodeling following ablation therapy, accurate left atrial volume and pulmonary vein 

diameter measurements are important in the context of many applications. Prior 

morphological studies have evaluated normal shape and size of pulmonary vein diameters 

[12] as well as compared the morphology of different patient cohorts. For example, it was 

demonstrated that ostial and left atrial diameters were significantly higher in patients with 

chronic AF as compared to patients with paroxysmal AF [14]. Another study [19] found that 

patients with paroxysmal or chronic AF had larger superior pulmonary veins that normal 

controls. Other studies [1, 2], have demonstrated enlarged left atrial and pulmonary vein 

dimensions in patients with AF as compared to normal controls. Geometric measurements of 

the left atrium are also used to assess risk factors and predict recurrence. Several studies [8, 

20, 21, 22, 23] have demonstrated that left atrial size is a risk factor for recurrence following 

cardiac ablation therapy. A recent study [24], found that patients with left atrial volumes 

greater than 95 mL have an increased likelihood to develop persistent AF if the ablation 
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fails. The role of pulmonary vein diameter for outcome prediction; however, is less clear, 

with one study [25] finding a trend for reduced efficacy in patients with pulmonary vein 

diameters greater than 25 mm and another study [23], finding no relationship between 

pulmonary vein diameter and recurrence. These measurements are also important for 

treatment planning, with one study [26], using pulmonary vein ostial circumferences to 

determine the minimal diameter for balloon ablation catheters.

Prior work in measuring left atrial volume has required laborious slice-by-slice manual 

tracing [4, 8] or volumetric estimation using line measurements from orthogonal images 

slices [5, 6, 9]. Volume estimation from orthogonal line measurements has been shown to 

strongly correlate with left atrial volume; however, it underestimates true volume by 

approximately 20% [9]. Left atrial volume can also be measured from echocardiographic 

data; however, it has been demonstrated that echocardiography underestimates left atrial 

volume as compared to CT measurements [27]. Another study [28], found a relatively low 

correlation between echocardiographic left atrial diameters and true left atrial volume from 

multi-detector CT data. Futhermore, the authors found that left atrial volume measured from 

CT was correlated with treatement success as opposed to the echocardiographic 

measurements which did not demonstrate this correlation, thereby leading to the conclusion 

that measurements from pre-procedural CT data were a better predictor for AF recurrence. 

Recent advances in analysis of left atrial volume from three-dimensional echocardiography 

[29]; however, may provide measurements more consistent with those from volumetric CT 

data.

Prior techniques for measuring pulmonary vein diameters have primarily utilized manual 

lines drawn in either image cross-sections [10] or volume renderings [3, 4, 14]. In the study 

of Cronin et. al, inter-rater repeatability errors for measuring pulmonary vein diameters 

ranged from 1.8 to 2.1 mm across the four main pulmonary veins which is similar in 

magnitude to our semi-automatic approach. Another approach is to draw a line along the 

length of the pulmonary vein in one of the orthogonal images and then extract the oblique to 

that line [2, 6, 11, 12, 13] and make a manual measurement in this off-axis slice. As noted in 

previous work [30], reliable measurements of the pulmonary vein ostia are challenging since 

the anatomic border between the left atrium and pulmonary veins is not clearly defined. In 

addition, the ostia have an ovoid shape resulting in significantly different measurements 

depending on the orienation of the plane in which the measurement is made [30]. An 

important component of the methodology described in the current work is that the 

pulmonary veins are separated from the body of the left atrium using a cut plane which is 

visualized simultaneously as a 3D plane in a volume view as well as lines in the three 

orthogonal image views. The oblique image which represents the ostial plane is also shown 

for additional context. The combination of these visual cues allows the user to accurately 

position the plane based on both 3D and 2D anatomical information and the the final 

diameter measurement is automatically computed on the oblique image which best 

approximates the pulmonary vein ostium.

In conclusion, we propose and validate a semiautomatic methodology for making accurate 

and repeatable measurements of left atrial volume and pulmonary vein diameters. The 

methodology was used to evaluate reverse structural remodeling following cardiac ablation 
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therapy; however, the proposed methodology has important application in other areas such 

as anatomical characterization, treatment planning, and outcome prediction. In future work, 

we will utilize the described techniques to evaluate a larger cohort of patients, with the 

overall goal of determining imaging metrics which can quantify treatment effects and guide 

treatment plans in the clinic.
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Figure 1. 
Example of measuring the right inferior pulmonary vein ostium using lines drawn manually 

on a volume rendering of the left atrium and pulmonary veins.
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Figure 2. 
Screenshot of the 3D segmentation tool. Segmentation results are shown in both 2D cross-

sectional images and a 3D volume rendering.
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Figure 3. 
Separation of pulmonary vein from left atrium using a 3D cut plane. Plane is adjusted in 3D 

volume rendering view (top left) and location of cut is shown on orthogonal slices (bottom 

pane) and in oblique view (top right).
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Figure 4. 
Pulmonary vein diameter measurements for the (a) left inferior, (b) left superior, (c) right 

inferior, and (d) right superior pulmonary veins.
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Figure 5. 
Left atrial volumes at baseline and follow-up across 21 patients.
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Figure 6. 
(a) Mean left atrial volume measured at baseline and three month follow-up. (b) Mean 

change in left atrial volume following ablation therapy with 95% confidence intervals. The * 

indicates statistical significance for p < .05. (c) Mean pulmonary vein diameters measured at 

baseline and three month follow-up. (d) Mean change in pulmonary vein diameters 

following ablation therapy with 95% confidence intervals. The * indicates statistical 

significance for p < .05.
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