New magnetic resonance imaging based method to define
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Abbreviations

AF: Atrial fibrillation
LA: Left atrium
LV: Left ventricle
PVAI: Pulmonary vein antrum isolation
DE-CMRI: Delayed enhancement cardiac magnetic resonance imaging
RFA: Radiofrequency ablation
EA: Electro-anatomical
AAD: Anti-arrhythmic drugs

Paper Summary

In this paper, we describe a delayed enhancement MRI method which detects left atrial wall injury
following ablation in patients with atrial fibrillation. We imaged and quantified the extent of injury in 46
patients using a respiratory navigated MRI sequence. There was a strong relationship noted between
the degree of left atrial wall injury and freedom from the arrhythmia at three month follow-up. Using
the described methodology, it appears possible to image and assess the degree of injury due to RF
injury following ablation therapy for atrial fibrillation.

Abstract

Background. We describe a non-invasive method to detect and quantify left atrial (LA) wall injury
after pulmonary vein antrum isolation (PVAI) in patients with atrial fibrillation (AF). Using a 3D
delayed enhancement MRI sequence and novel processing methods, LA wall scarring is visualized at
high resolution after radiofrequency ablation.
Methods and Results. LA wall imaging with a 3D delayed-enhanced cardiac MRI (DE-CMRI)
sequence was performed pre and 3 months post ablation in 46 patients undergoing PVAI for AF. Our
3D, respiratory navigated, MRI sequence using parallel imaging resulted in 1.25 x 1.25 x 2.5 mm
(reconstructed to 0.6 x 0.6 x 1.25 mm) spatial resolution with imaging times ranging 8-12 minutes. RF
ablation resulted in clear hyper-enhancement of the LA wall in 100% of patients post PVAI and may
represent tissue scarring. New methods to reconstruct the LA in 3D allowed quantification of LA
scarring using automated methods. Arrhythmia recurrence at three months correlated with the degree
of wall enhancement with > 13% injury predicting freedom from AF (OR=18.5 [CI 95% = 1.27 to 268],
p =0.032).

Conclusions. We define non-invasive MRI methods that allows for the detection and quantification of
left atrial wall scarring after RF ablation in patients with AF. Moreover, there seem to be a correlation
between the extent of LA wall injury and short term procedural outcome.

Introduction

Atrial fibrillation (AF) is a growing clinical problem with enormous impact on both short-term quality of
life and long-term survival (1,2). Radiofrequency ablation (RFA) to achieve Pulmonary Vein Antrum
Isolation (PVAI) is a promising approach to cure AF. Controlled lesion delivery and scar formation
within the LA are indicators of procedural success but the assessment of these factors is limited to
invasive methods (3). As a result, a non-invasive evaluation of LA wall injury to assess permanent
tissue injury may be an important step to improve procedural success.
Delayed enhancement cardiovascular magnetic resonance imaging (DE-CMRI) is an
established non-invasive clinical method for characterizing tissue in a variety of cardiac disease
processes including after myocardial infarction and injury due to myocarditis (4-11). Contrast
enhancement in injured tissue using MRI occurs due to altered washout kinetics of gadolinium
relative to the normal surrounding tissue. MRI has been successfully used to detect tissue injury due
to RF lesion formation though data are limited. Animal studies have shown acute RF lesions in the
right ventricle in dogs as a result of heat related changes in T1 and T2 parameters in the necrotic
myocardium (12). RF lesion formation on the epicardium of dogs has also been characterized in
several phases up to 12 hours post injury using gadolinium-enhanced MRI and RV enhancement
correlated with histopathology showing coagulation necrosis with loss of cellular and vascular
architecture (13). In humans, Peters et. al. reported on their initial experience using 3D DE-CMRI to
detect LA scar 1-3 months after AF ablation and a case of left ventricular (LV) injury from previous RF
ablation in a patient treated for idiopathic LV tachycardia has also been reported (14,15).
Though these data suggest MRI is well suited to provide important non-invasive evaluation of
RFA lesions, human studies are lacking and its clinical role is still undefined. This study sought to
detect and evaluate LA wall injury in patients with AF after PVAI using novel MRI methods and image

processing. Results shown here may help better define procedure outcome, guide follow up
treatment, and develop strategies to avoid complications.

Methods

Patients

Fifty-three patients referred to the University of Utah for PVAI between December 2006 to July 2007
were enrolled in this study. The protocol was approved by the Institutional Review Board at the
University of Utah and was HIPAA compliant. After informed consent was obtained, patients
underwent pre-PVAI MRI scanning to define the PV’s, location of the esophagus, LA anatomy, and
for tissue characterization of the LA wall. MRI was repeated 3 months after ablation in all patients.
Following the procedure, patients continued anti-coagulation therapy with warfarin to maintain
an international normalized ratio of 2.0 to 3.0 for a minimum of three months. Patients were
assessed after three months to determine the success of the ablation procedure. Success was
defined as a lack of late AF recurrence while off of antiarrhythmic medications. Event monitors were
placed for a minimum of two months following their PVAI. Patients were instructed to activate the
monitors any time they felt symptomatic. To confirm the absence of asymptomatic AF, all patients
received a 48-hour Holter ECG recording at the 3-month follow-up. Recurrences were determined
from patient reporting, event monitoring, Holter monitoring and ECG data. Recurrent AF was defined
as a symptomatic or asymptomatic detected episode lasting > 15 seconds.
Pulmonary Vein Isolation Procedure

PVAI under intracardiac echocardiogram (ICE) guidance was performed. A 10 F, 64 element, phased
array ultrasound catheter (AcuNav, Siemens; Mt. View) was used to visualize the inter-atrial septum
and to guide the trans-septal puncture. A circular mapping catheter (Lasso, BioSense Webster;
Diamond Bar, Colorado) and an ablation catheter were inserted into the LA. ICE was used to define

the PV ostia and their antra and to help position the circular mapping catheter and ablation catheter at
the desired sites. Temperature and power were set to 50° and 50 W (pump flow rate at 30 cc/min),
respectively. RF delivery was interrupted in the case of impedance rise or if a sudden increase in
micro bubble density was observed during ablation. All study patients underwent PVAI, defined as
electrical disconnection of the PV-antrum from the LA. Procedure methods have been published
previously (16,17).
Delayed Enhancement MRI Acquisition Sequence

All participants underwent MRI studies on a 1.5 Tesla Avanto clinical scanner (Siemens Medical
Solutions, Erlangen, Germany) using a TIM phased-array receiver coil 24 to 72 hours prior to PVAI.
The protocol included sequences to define the anatomy of the LA and pulmonary veins. The anatomy
was evaluated using the contrast enhanced 3D FLASH sequence and the cine true-FISP sequence.
Typical acquisition parameters for 3D FLASH scan were: breath-hold in expiration, a transverse
(axial) imaging volume with voxel size=1.25x1.25x2.5 mm, repetition time (TR) = 3.1 ms, echo time
(TE) = 1.0 ms, and parallel imaging using the GRAPPA technique with reduction factor R=2 and 32
reference lines, scan time=14 sec. The 3D FLASH scan was acquired twice: pre-contrast and during
a first pass of contrast agent (Multihance (Bracco Diagnostic Inc., Princeton, NJ), intravenous
injection of a dose of 0.1 mmol per kilogram of body weight, 2 ml/sec injection rate, followed by a 15
ml saline flush). Timing of the first pass scan was defined using a MRI fluoroscopic scan.
Complete coverage of the LA was achieved with 16-22 transverse 2D slices acquired during
retrospective electrocardiogram (ECG) gated, cine pulse sequence. All the images were acquired
during breath-hold in expiration (1 or 2 slices per breath hold depending on the subject heart rate and
tolerance to breath-holding) and were used to evaluate the LA morphology during the cardiac cycle.
Typical scan parameters were: 6 mm slice thickness, no gap between slices, pixel size = 2.0 x 2.0
mm, TR/TE = 2.56/1.03 ms, GRAPPA with R=2 and 44 reference lines, 15 views per segment.

Delayed enhancement MRI (DE-CMRI) was used to identify fibrous tissue in the LA. DE-CMRI
was acquired 15 minutes after the contrast agent injection using a 3D inversion recovery prepared,
respiration navigated, ECG-gated, gradient echo pulse sequence. Typical acquisition parameters
were: free-breathing using navigator gating, a transverse imaging volume with voxel size = 1.25 x
1.25 x 2.5 mm (reconstructed to 0.625 x 0.625 x 1.25 mm), TR/TE = 6.3/2.3 ms, inversion time (TI) =
230-270 ms, GRAPPA with R=2 and 32 reference lines. ECG gating was used to acquire a small
subset of phase encoding views using during the diastolic phase of the LA cardiac cycle. The time
interval between the R-peak of the ECG and the start of data acquisition was defined using the cine
images of the LA. Fat saturation was used to suppress fat signal. The TE of the scan (2.3 ms) was
chosen such that fat and water are out of phase and the signal intensity of partial volume fat-tissue
voxels was reduced which allowed for improved delineation of the LA wall boundary. The TI value for
the DE-CMRI scan was identified using a scout scan. Typical scan time for the DE-CMRI study was
5-10 minutes depending on subject respiration and heart rate. If the first acquisition did not have an
optimal TI or had substantial motion artifacts, the scan was repeated.
Image Processing and Analysis

All MR images were evaluated and interpreted by two independent operators experienced in CMR
imaging. Processing of the MRI DICOM formatted data sets were performed using OsiriX for
visualization while quantification of images was performed using Matlab. LA data from 3D DE-CMRI
acquisitions were evaluated slice-by-slice and utilizing volume rendering tools. These images were
segmented and rendered which allowed for unique visualization of LA wall radiofrequency injury
patterns using the entire data set and facilitated correlation with 3D CARTO images. Visualization
was performed using smooth table opacity.
In patients who underwent post-procedural MRI scans, the relative extent of injury within the
volume was measured using a threshold based lesion detection algorithm. In all images, the
epicardial and endocardial borders were manually contoured using custom image display and

analysis software written in Matlab. Care was made in two-dimensional tracings of the endocardial
and epicardial walls to confine the region of interest to only the LA wall and to avoid the blood pool,
particularly on the right side, where a navigator induced artifact was present in some patient scans.
Normal and injured tissue were defined based on a bimodal distribution of pixel intensities within the
LA wall. The first mode of lower pixel intensities was chosen as normal tissue. Injured tissue was
defined at 3 standard deviations above the normal tissue mean pixel intensity. Regions defined as
lesion were visualized independently to ensure appropriateness of lesion detection. LA lesion area for
each slice was summed for the entire scan and reported as a ratio of lesion volume to total LA wall
volume. For selected patients with characteristic patterns of lesion formation observed in the Osirix
3D visualizations, image masks of injured regions were reconstructed into 3D volumes for
comparison with the Osirix visualizations. The investigators were blinded during the analysis of all
imaging and electrophysiology data.
Follow-up

All patients were monitored overnight on a telemetry unit after the procedure. Warfarin (INR 2-3) was
restarted in all patients the day of PVAI, and was continued for a minimum of 3 months in
paroxysmal, and for 6 months in persistent and permanent AF patients. Patients were followed in the
outpatient clinic 3 months post-ablation, at which point they underwent an MRI scan to assess for PV
stenosis, degree of chronic left atrial scarring, and Holter monitor recording for 24-48 hours.
Statistical Methods

Normal continuous variables are presented as mean ± standard deviation. Continuous data were
analyzed by student t-test to test for significant differences. Chi-square tests were used to test for
differences in categorical measurements. Differences were considered significant at p < 0.05.
Statistical analysis was performed using the SPSS 15.0 Statistical Package (SPSS Inc.; Chicago, Il).

Results

Patients

Fifty-three patients who underwent PVAI for treatment of AF during the study period and completed
the MRI scanning protocol were included in the analysis. Seven of the 53 patients were excluded due
to inadequate MR images. The patients removed included six with poor image quality on the pre or
post ablation scans and one who received an insufficient dose of IV contrast. Poor image quality
resulted from patient motion and significant cardiac arrhythmia. In one case, navigator signal
interference precluded accurate analysis. Results from the remaining forty-six patients were included
in the data.
Table 1 shows the patient demographics for responders and non-responders to PVAI
treatment. Statistically significant differences were seen among the study populations for age, left
ventricular ejection fraction, LA area and LA volume and are consistent with prior published data (1832).
Delayed Enhancement CMRI Visualization and Quantification

At baseline prior to ablation, no patients presented with hyperenhancement of the atrium prior to the
procedure. It should be noted, however, that noticeable pre-ablation enhancement was seen in 4
patient scans (8.7%, however, the enhancement showed mild intensity and did not meet the
previously published definitions of “hyperenhancement” as established in the ventricle, from which we
developed the parameters for our quantification algorithm (33,34). In contrast, all (46 of 46, 100%) of
the post-ablation images showed contrast enhancement most commonly in the posterior LA wall,
interatrial septum, and surrounding the pulmonary veins (Figure 1).

Two experienced, independent

operators evaluated the presence or absence of contrast enhancement on DE-CMRI with agreement
in all cases. Enhancement within the right pulmonary veins occurred in some patients. This was due

to the navigator radiofrequency pulse located over the right hemi-diaphragm and did not reflect tissue
injury. This navigator-induced interference was differentiated from enhancement by its location and
intensity. A recent change made to the pulse sequence has resulted in a complete removal of the
navigator interference (data not shown).
Figure 1 shows MRI slices for four separate patients at baseline and three months post PVAI.
As noted, the injury to the LA wall is largely located in the posterior wall, PV ostia and interatrial
septum. However, degree of injury varied greatly between patients. The anterior LA wall was
consistently spared and free of MRI evidence of injury in all patients, which is consistent with current
strategies for catheter ablation of AF. Figure 1 also shows an example of 3D visualization of the LA
wall in patient 1 pre and post ablation in four different orientations: posterior, right, left, and superior
views.
Figure 2 shows LA injury detection using the semi-automated computer algorithm. When
injury as identified by the computer algorithm is overlaid with 3D visualization (MIP), there is a strong
correlation between the observed injury patterns and the region identified as scar by the algorithm.
Figure 3 shows the overlay for one patient in three dimensions. LA injury identified by the computer
algorithm (blue) matches regions of hyperenhancement (white) in the MRI visualization. Similar
correlation between MRI visualization and algorithm detection were seen for all patients. This
segmentation algorithm in conjunction with the DE-CMRI data allowed LA wall injury to be quantified
as a percentage of the total LA wall volume.
Quantification of LA Wall Injury and Patient Outcome

At three months, 35 of 46 patients (76.1%) remained free of AF recurrence. All who suffered AF
recurrences were placed back on anti-arrhythmic drugs. While a higher percentage of individuals
who did not respond to therapy and suffered recurrence had persistent/permanent AF (8/11, 72.7%)

versus those who responded to therapy (16/35, 45.7%), this difference failed to reach statistical
significance (p = 0.118).
A large difference was seen between the percentage of LA wall injury (as determined by MRI
and semi-automated quantification) between responders and non-responders to PVAI (Figure 4). In
patients who responded to ablation, the average LA wall injury was 19.3% ± 6.7% while in those who
did not respond the average LA wall injury was 12.4±5.7% (p = 0.004). The strong association
between average LA wall injury and recurrence persisted when stratifying patients by the first and
second quartiles. Using the first quartile (LA wall injury > 13%), patients with large scars were 18.5
times less likely to suffer recurrence of AF (OR=18.5 [CI 95% = 1.27 to 268], p =0.032). After
controlling for age, gender, ablation time and type of AF, large scar areas strongly predicted the
absence of recurrences (adjusted OR = 83.7 [CI 95% = 2.013 to 3481.1], p = 0.022). Using the
second quartile (median) as the cut off for large scar areas, the protective association between large
scar areas and recurrences was smaller but still persisted (p = 0.045).

Discussion

Main Findings

In this study, we demonstrate LA injury after PVAI visualized by 3D DE-CMRI at high resolution using
our novel imaging approach and processing methods. Left atrial wall injury resulting from RF ablation
3 months after PVAI was seen in every patient with tissue injury pattern reflecting location of RF
energy delivery sites. In addition, injury on MRI appears to reflect tissue scarring and the degree of
scarring correlates with procedural outcomes.
DE-CMRI Detects Tissue Injury from Radiofrequency Ablation

DE-CMRI is used routinely to accurately detect and size infarcted myocardium in patients with
ischemic cardiomyopathy. It is arguably the gold standard viability study and accurately predicts

hibernating myocardium and response to revascularization (35,36). Performing DE-CMRI to detect
LA wall injury is challenging as the LA is a thin wall structure compared to the LV and thus requires
better spatial resolution while maintaining adequate CNR and SNR. The MRI pulse sequence we
employ is a 3D high-resolution sequence similar to one reported on by Peters et. al. and achieves
spatial resolution much greater than that typical for 2D delayed enhancement used in LV viability
studies. In addition, we were able to take advantage of parallel imaging to significantly reduce the
scan time and, as a result, reduce motion artifact.
Processing enhancements here greatly facilitated a more comprehensive evaluation of LA wall
injury from images acquired from MRI images. Using a Dicom image editor, we developed methods
to view the entire LA wall injury volume rendered in 3D from the slice data set which facilitated
comparisons with other important 3D image data including CARTO derived voltage maps, sites of RF
energy deposition, and the LA angiogram. Visualization of LA wall injury in 3D also improved
assessment of lesion confluence and atrial debulking resulting from PVAI.
Injury patterns on DE-CMRI and Tissue Scarring in the LA

Effective injury to the LA wall and permanent tissue injury are important for procedural success.(37)
Though invasive EA mapping is an important tool to help establish tissue ablation during the
procedure, lesion recovery and incomplete sampling limit accurate and comprehensive assessment
of permanent tissue injury. Non-invasive detection of LA wall injury using DE-CMRI is a recent
advancement that reliably detected injury at three months in all of our patients (46/46 patients, no
interobserver variability). In addition, the entire LA wall is visualized on 3D MRI and serial evaluation
is safe and non-invasive.
There are a number of potential applications of our visualization technique and analysis. One
such technique would analyze potential reasons for AF recurrence, such as that when loss of
electrical isolation following pulmonary vein antrum isolation has occurred (38). Visualization of the

pulmonary veins and left atrium using three dimensional image processing allows for the scar pattern
to be assessed and subsequent isolation procedures to be planned. Figure 5 shows visualizations of
DE-MRI scans of two patients acquired three months following a failed PVAI (Figure 5, 1a-b and 2ab).
These patients elected to undergo a second ablation procedure and had a second DE-MRI
scan acquired following that procedure. Three dimensional segmentation of the LA was performed
according to the described methods. Incomplete scar formation can be seen near the antrum of the
pulmonary veins following the failed PVAI procedure. This gap in RF lesions at the pulmonary vein
antrum (purple) correlated with incomplete electrical isolation of the left superior vein (as determined
by EP study at the time of the second procedure). Following the repeat procedure, the MRI shows
complete scar formation around the ostia of the left superior vein (Figure 5, 1c-d, 2c-d) in both
patients. Three months following the second procedure, both patients were free of AF (as determined
by 8 day holter recordings and patient self-report). In such an application, three dimensional
processing provides an advantage over traditional 2D visualization as it allows for the spatial
relationships and complex geometry of the LA to be better appreciated. This will likely lead to
improved procedure planning and a lower recurrence rate of AF.
Left Atrial Wall Injury on MRI Predicted Procedural Outcome

Though all patients in this study had detectable injury on 3D DE-CMRI three months after ablation,
the extent of injury varied significantly. When we applied our automated algorithm to quantify LA wall
injury, degree of injury was significantly different between responders and non-responders (Table 2).
After controlling for age, gender, AF phenotype, LA size, and LA volume, patients with scar ratios
>13% are 18.5 times more likely to have a favorable outcome and freedom from AF at three months
(OR=18.5 [CI95% 1.27 – 268], p=0.032). These data suggest that degree of LA wall scarring predicts
procedural success. Our findings validate preliminary reports which appear to demonstrate that
procedural outcome appears to correlate with overall enhancement (39).

The overall degree of scar may have important implications to the lesion type and subsequent
interruption of PV to LA conduction. Interruption of PV to LA conduction has been an important
component of procedural success. Verma et al. reported recurrent AF post PVAI in patients with
more PV to LA conduction and shorter LA to PV delays. In comparison, the majority of patients
maintaining sinus rhythm off AAD’s showed no recurrent PV to LA conduction and significantly longer
LA to PV delay (38). These results are supported by an earlier study by Ouyang et al. showing
recovery of PV conduction in patients with recurrent atrial tachyarrhythmias after PVAI. Closing the
conduction gaps on repeat procedure later successfully eliminated the arrhythmias (40). These data
suggest that overall lesion permanence and complete PV isolation may be important procedural
goals. The findings we present here appear also complimentary to this previous work and may
indicate that degree of scarring on DE-CMRI may represent a non-invasive manner to estimate the
atrial lesion type and the subsequent electrical isolation (38,40-42).
Study Limitations

Though the outcomes data in this study was statistically significant, the sample size was relatively
small. In addition, 3D MR imaging in this study was performed on a 1.5 Tesla scanner. Significant
improvements in LA wall imaging with greater spatial resolution, SNR and CNR is expected at higher
magnetic field (3 Tesla). While we find found that the degree of atrial enhancement (and presumably
scar) and freedom from recurrence were linked, we were not able to show whether this was due to
complete and successful isolation at three months or simply due to the destruction of electrically
viable tissue to such an extent that the atrium could no longer sustain atrial fibrillation. The standard
ablation procedure at our facility incorporates both of these techniques and, as a result, we were
unable to differentiate the relative contributions. Prospective studies designed to pursue this question
should be pursued.

Conclusion

Non-invasive imaging of the LA wall with MRI is a recent advancement and powerful tool to evaluate
injury related to radiofrequency energy delivery during AF ablation. Results reported in our study
suggest that degree of left atrial wall injury predicts procedural outcome at three months.

Figures and Tables

Table 1. Patient Demographics ‐ Summary by Response to Procedure
Responders

Non-Responders

(n = 35)

(n =11)

Paroxysmal

19 (54.3%)

3 (27.3%)

Persistent

16 (45.7%)

8 (72.7%)

Female

12 (34.3%)

5 (45.5%)

Male

23 (65.7%)

6 (54.5%)

Hypertension

18 (2.9%)

3 (27.3%)

0.161

Diabetes

5 (14.3%)

-

0.184

Coronary Artery Disease

4 (11.4%)

2 (18.2%)

0.562

History of Smoking

5 (17.1%)

4 (36.4%)

0.107

Valve Surgery

1 (2.8%)

-

0.571

Myocardial Infarct

2 (5.7%)

1 (9.1%)

0.692

Mitral Stenosis

4 (11.4%)

-

0.241

Age (Years)

63.1 ± 11.9

71.4 ± 11.4

0.048

Left Ventricular Ejection Fraction (%)

57.1 ± 4.9

49.5 ± 9.6

0.002

Left Atrial Area – Pre PVAI (cm2)

20.1 ± 8.5

24.9 ± 6.4

0.147

Left Atrial Volume – Pre PVAI (cm3)

84.8 ± 24.5

128.3 ± 29.8

< 0.001

None

19 (54.3%)

7 (63.6%)

One Medication

12 (34.3%)

2 (18.2%)

Multiple Medications

4 (11.4%)

2 (18.2%)

P-Value *

Type of Atrial Fibrillation

0.118

Gender
0.503

Antiarrhythmic Medications

0.567

Table 2. Patients at 3 Month Follow‐Up
Responders
(n = 35)

Non-Responders
(n =11)

P-Value *

19.3 ± 6.7

12.4 ± 5.7

0.004

3 (8.6%)

8 (72.7%)

32 (91.4%)

3 (27.3%)

Left Atrial Area (cm2) – 3 Month Follow-up

18.0 ± 5.0

24.4 ± 4.6

< 0.001

Left Atrial Volume (cm3) – 3 Month Follow-Up

74.1 ± 26.4

110.3 ± 16.8

< 0.001

Percent Left Atrial Wall Injury
Degree of Scar Formation
Minimal Scar Formation
(Greater than 13% of Volume Enhancement)
Moderate Scar Formation
(Less than 13% of LA Volume)

< 0.001

Figure 1. Left atrial injury pre- and 3 months post-PVAI on 3D DE-CMRI. Left panels show LA
wall slices at baseline (A) and 3 months post (B) PVAI on 3D navigated DE-CMRI in 4 different
patients. Right panels show 3D rendering of LA in patient number 1 pre- and post-PVAI in
multiple views (Posterior, Right, Left, and Superior) reconstructed from MRI slice data. PostPVAI hyper-enhancement of LA wall is clearly seen (yellow arrows) in regions subjected to RF
ablation and suggests scarring.

Figure 2. Automated quantification of chronic LA injury 3 months post PVAI. LA injury was
determined using a threshold based on the defined normal regions of the LA wall. Panels 1-16
show extent of injury at 5 standard deviations in a subset of slices from the 3D DE-CMRI from
patient 1 (see figure 1). Reconstruction in 3D of the full set of data is shown in the right panels
(3D PA and RL views). Using these methods, LA injury volume can be determined and
calculated as a percentage of total LA wall volume.

Figure 3. Overlay images of LA wall injury. Panels 1a-d are four example LA slices from the
3D DE-CMRI from patient 1 (see figure 1) that show close correlation of LA injury as
determined by automated methods using a 3 SD cut-off value (blue transparency) overlaying
MRI. Right panels show 3D overlay of full data set (3D PA and RL). LA injury mask (blue)
determined by automated methods should match and overlay hyper-enhanced areas (white)
of true injury on DE-CMRI. Though the left pulmonary veins are white on MRI, this
enhancement is due to navigator interference, not injured tissue, as we position the navigator
over the right hemi-diaphragm. The PV's are shown here only to help with anatomical
orientation and are excluded from raw data used to produce injury mask by automated
methods.

Figure 4. Association between atrial fibrillation recurrences and clinical success according to
left atrial wall injury after catheter-based pulmonary vein antrum isolation. Patients with
minimal scar formation at three months post procedure (> 13% of LA myocardial volume
enhancement on DE-MRI) had a low procedural success and high recurrence of atrial
fibrillation while patients with moderate scar formation at three months had a very high
procedural success and low recurrence of atrial fibrillation.

Figure 5. 3 month delayed enhancement MRI scans acquired 3 months following a first
(failed) procedure (1a-b, 2a-b) and a second (successful) procedure (1c-d, 2c-d). Posterior (a)
and left lateral views (b) are shown. Incomplete scar formation located near the antrum of the
pulmonary veins following failed isolation was noted in both patients (1a-b, 2a-b). The gap in
RF lesions at the pulmonary vein antrum (purple) correlated with incomplete electrical isolation
of the left superior pulmonary vein. Delayed enhancement MRI at three months following the
repeat PVAI shows complete scar formation (white/orange) isolating the pulmonary veins.
Both patients were free of AF at follow-up.
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