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Abstract 

Background.  Pulmonary vein antrum isolation (PVAI) uses radiofrequency (RF) energy to induce 

thermal damage to the left atrial (LA) substrate in an attempt to isolate atrial fibrillation (AF) circuits.  

This LA tissue injury can be seen using delayed enhancement MRI (DE-MRI). 

Methods.  A group of twenty-five patients who presented for PVAI were scanned serially at two 

different time points.  The first group (n = 10) of patients had DE-MRI acquired twenty four hours and 

three months following PVAI.  The second group (n = 16) were scanned three months and six months 

following PVAI.  Three dimensional models of the LA were created and analyzed to determine 

structural change.  The extent of scar formation was analyzed using an automated computer algorithm 

based on dynamic thresholding. 

Results.  The median change in LA wall injury between 24 hours and 3 months (Group 1) was –6.38% 

(range = -11.7% to 12.58%).  The median change in LA wall injury between 3 months and later 

follow-up (Group 2) was +2.0% (range = -4.0% to 6.58%).  Qualitative comparison of LA scar 

patterns revealed a stronger qualitative relationship between MRI scans acquired at 3 months and later 

follow-up than at 24 hours and 3 months.  There appears to be little relationship between the extent of 

scar at 24 hours and that detected at three months (R2 = 0.004).  In contrast, a strong correlation is seen 

at 3 months and later follow-up (R2 = 0.966). 

Conclusion.  RF-induced scar as measured by DE-MRI following PVAI appears to have formed by 

three months post-ablation.  Scar patterns remain consistent in their extent, location and intensity at 

later follow-up.  At 24 hours following the procedure, DE-MRI enhancement appear consistent with a 

transient inflammatory response rather than stable LA scar formation.  



Background 

Catheter ablation has emerged as a promising interventional treatment for atrial fibrillation (AF) 

patients who have failed anti-arrhythmic or rate control therapy.1-4  Many of the current ablation 

techniques, including Pulmonary Vein Antrum Isolation (PVAI), use high-frequency RF energy to 

induce thermal damage to the left atrial (LA) substrate in attempt to electrically disconnect and isolate 

arrhythmogenic foci originating from the pulmonary vein.5-7  Energy delivery causes contraction band 

myocardial necrosis followed by inflammatory infiltrates that results in fibrotic scarring of the LA 

wall.8-12  

 Until recently, no modality other than histological preparation of tissue has allowed for the 

analysis of scar formation following RF ablation, and this has been limited only to post-mortem 

specimens.   However, new techniques have led to the use of delayed-enhancement MRI (DE-MRI) to 

visualize RF-induced scar formation in AF patients post-ablation.13, 14  DE-MRI utilizes differences in 

the washout kinetics of the contrast agent gadolinium to differentiate between healthy and injured 

myocardial tissue.  These scans can be rendered as three-dimensional models of the LA which show 

post-ablation scar patterns near the pulmonary vein ostia and posterior wall.14, 15 

 Although visualization of LA wall damage is now possible, the process of scar formation 

following AF ablation is still poorly understood.  There is no knowledge of how LA lesions appear in 

size, intensity and location in the acute and chronic post-ablation stages and the manner which their 

morphology changes over time.  Prior work has shown that AF often recurs in patients who recover 

conduction between the pulmonary veins and the LA.16  Closing conduction gaps on repeat procedure 

has successfully eliminated the arrhythmias.17  Therefore, understanding the temporal process of scar 

formation and whether scar significantly reduces or expands over time may be valuable in determining 



whether certain patients are more susceptible to recovery of electrical conduction and  a subsequent 

recurrence of AF. 

 In this study, we examine ablation-induced scar and how it responds over time.  We evaluated 

LA lesions utilizing DE-MRI in two separate groups of AF patients; the first group had scans acquired 

at 24 hours post-procedure and 3 months post procedure.  The second had scans acquired at 3 months 

post procedure and at 6 or 9 months post procedure.  The results presented here provide important 

insight to the healing process following ablation of the left atrium and its subsequent remodeling. 

Methods 

Patients 

Between November 2006 and January 2008, 25 patients with AF who presented to the University of 

Utah for PVAI of symptomatic AF were enrolled in this study.  The protocol was approved by the 

Institutional Review Board at the University of Utah and was HIPAA compliant.  Patients were 

eligible for the study if they underwent two DE-MRI scans at two different time points following their 

PVAI procedure.  DE-MRI was obtained at either 24 hours, 3, 6, or 9 months post-ablation. All 25 

patients received MRI at 3 months as a component of post-procedural follow-up care.  MRI was 

obtained at 24 hours post procedure in 10 patients in order to assess for complications in symptomatic 

patients. The remaining 15 patients were imaged at 6 or 9 months as a component of routine follow-up 

care.  1 patient had images acquired at 24 hours, 3 months, and 9 months. 

Prior to the PVAI procedure, all patients underwent transesophageal echocardiogram (TEE) in order to 

rule out LA appendage thrombus.  Patients then underwent MRI to define left atrial anatomy, LA area 

and LA wall thickness for electroanatomical mapping during the ablation procedure, delayed 

enhancement scans were performed as a part of the MRI imaging protocol. 



Delayed Enhancement MRI Acquisition 

All patients 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 the pulmonary veins.  The 

anatomy was evaluated by using the contrast enhanced 3D FLASH sequence and cine true-FISP 

sequences.  Typical acquisition parameters for the 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 30 ml saline flush).  Timing of the first pass scan was defined using an 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’s 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-MRI) was used to identify injured or nonviable tissue in the 

LA.  DE-MRI was acquired about15 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 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 allowing improved delineation of the LA wall boundary.  The TI value for the DE-

MRI scan was identified using a scout scan. Typical scan time for the DE-MRI study was 5-10 

minutes depending on subject respiration and heart rate.  If the first acquisition of 3D DE-MRI did not 

have an optimal TI or had sub-optimal image quality, the scan was repeated. 

Pulmonary Vein Antrum Isolation and Posterior Wall Debulking 

The methods for pulmonary vein antral isolation under intracardiac echocardiogram (ICE) guidance 

have previously been described elsewhere.4, 18  We have modified this procedure to include debulking 

and isolation of the posterior wall.  Though the rationale for and the description of this method is not 

the focus of this manuscript, the technique is briefly summarized below.   

 After venous access, a 14-pole coronary sinus catheter was placed into the coronary sinus via 

the right internal jugular access (TZ Medical Inc., Portland, OR, USA) for use as a mapping reference. 

A phased-array ultrasound catheter was positioned in the mid-right atrium (Siemens AG Inc., Malvern, 

PA, USA) and used to guide a double transseptal puncture, through which was placed a 10-pole Lasso 

catheter and an F-curve, Thermocool irrigated tip ablation catheter (Biosense Webster Inc). 

 Using fluoroscopy and electroanatomic mapping (CARTOMERGE, Biosense-Webster,Inc.) 

for catheter navigation, intracardiac potentials in the PV antra and on the posterior wall were mapped 

during sinus rhythm, and were targeted for ablation if fractionation was seen distinct from far-field 

atrial potentials. Lasso-guided RF delivery was performed, using Lasso electrogram artifacts to 



confirm ablation catheter tip location relative to the substrate of interest. Lesions were delivered using 

50 W with a 50°C temperature limit, for a duration of 10 to 15 seconds, with the endpoint being 

elimination of all high-frequency electrogram components. When all antral and posterior wall targets 

had been ablated, this entire region was re-surveyed for any return of electrical activity, and any such 

regions were retreated. In addition, entry block in all four pulmonary veins was confirmed with the 

ablation catheter after debulking was accomplished. 

Post-ablation Management 

After the PVAI, all patients were observed on a telemetry unit for 24 hours.  Patients underwent 8 

weeks of patient-triggered and auto-detected event monitoring. Eight-day Holter recordings were then 

obtained at 3 and 6 months. PVAI success was defined as a lack of symptoms and absence of AF or 

AFL on all ECG, Holter, and cardiac event monitoring.  

Image Analysis 

Three-Dimensional MRI Models 

All MR images were processed into three-dimensional (3D) models of the LA and were evaluated in 

random order and analyzed without knowledge of the time point after ablation by two independent 

observers.  Images were processed using the MRI DICOM formatted data sets in Osirix.  LA data from 

3D DE-MRI acquisitions were evaluated slice-by-slice by utilizing volume-rendering tools.  Each 

image slice was segmented and volume rendered to allow for unique visualization of LA wall 

radiofrequency injury patterns. Smooth table opacity was then applied to better illuminate 

hyperenhanced regions for visualization purposes.  

Percent Enhancement of LA Wall 

The relative percent of LA wall enhancement was measured at the post-PVAI scans using a threshold 



based lesion detection algorithm.  In all images, the epicardial and endocardial borders were manually 

contoured using custom image display and then analyzed by software written in Matlab (The 

Mathworks Inc. Natick, MA).  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.  In cases where the degree of enhancement detected by the automated algorithm was 

determined to be inaccurate by an expert trained to DE-MRI, the cut-off value was adjusted.  In 

patients where the algorithm overestimated the degree of RF induced scar, the threshold value was 

adjusted from 3 to 4 standard deviations.  In patients where the algorithm underestimated the degree of 

RF induced scar, the threshold value was adjusted from 3 to 2 standard devations.  The threshold was 

manually adjusted in one patient (from 3 to 4 standard deviations), where the algorithm appeared to 

overestimate the degree of scar.  The number of voxels corresponding to scar was determined for each 

slice and then summed for the entire scan.  The degree of enhancement was reported as a ratio of 

lesion volume to total LA wall volume.   

Comparison of Enhancement Patterns at Different Time-Points 

A complete 3D panel was created for all patients, with image views of the posterior wall, septum, and 

free wall.  A set of two trained experts qualitatively assessed and graded the relationship between the 

enhancement seen on both the first and second MRI time points.  The relationship was rated on a 0 to 

4 scale where 0 was coded as “No Relationship,” 1 was coded as “Poor”, 2 was graded as “Moderate,” 

3 as “Good” and 4 as “Excellent Relationship.”  The reviewers assessed the correlation of LA 

enhancement patterns in regards to size, location and intensity of the scar between both time points. 



Statistical Analysis 

Continuous variables are presented as median and the range.  Continuous data was analyzed by 

Wilcoxon ranked sums test to measure for statistically significant differences.  Fisher exact tests were 

used to test for differences in categorical measurements due to the small size of the cohort.  

Differences were considered significant at p < 0.05.  Statistical analysis was performed using the SPSS 

15.0 Statistical Package (SPSS Inc.; Chicago, Il). 

Results 

Patient Group 1 – Delayed Enhancement MRI 

Following ablation, all patients showed detectable hyperenhancement in the LA.  However, there was 

substantial qualitative differences between the type of enhancement seen in patients at 24 hours when 

compared to all other time points (including 3, 6 and 9 month patient scans).  Delayed enhancement at 

24 hours appear less intense and more diffuse in nature.  Three dimensional reconstructions show the 

same sort of diffuse enhancement patterns seen in two dimensions.  Figure 1 shows the two 

dimensional and three dimensional enhancement patterns in one patient at 24 hours and 3 months 

following the PVAI.  The characteristic pattern of diffuse, patchy enhancement (top) is clearly visible.  

Further, the overall intensity of the enhancement is less.  In contrast, the scan at three months shows 

well-connected, well defined regions of intense enhancement in regions targeted during the ablation.  

Pulmonary vein isolation can be noted, which cannot be completely identified at twenty four hours. 

Patient Group 2 – Delayed Enhancement MRI 

MRI scans taken at later points of follow-up (6 or 9 months) show enhancement patterns similar to 

those acquired at three months.  Figure 2 shows an example of two dimensional and three dimensional 

enhancement patterns in a second patient at three months and then later at six months following the 



PVAI.  The MRI obtained at three months shows scar patterns that remain consistent to the MRI 

obtained at 9 months.  As evident in the three dimensional reconstructions showing all views of the 

LA, the overall intensity, location, and extent of ablation scarring are similar between the two MRI 

scans.  Ablation scar around the pulmonary veins and posterior wall shows no significant change 

between the two time points.  

DE-MRI Quantification and Qualitative Assessment 

At twenty-four hours, the median LA wall injury was 9.9% of the LA myocardium (range = 7.20% to 

19.80%).  At three months (in Group 1 and Group 2) the median LA wall injury was 13.6% (range = 

1.58% to 64.5%). The median patient change in LA wall injury between 24 hours and 3 months 

(Group 1) was -6.4% (range = -11.7% to 12.6%).  The median patient change in LA wall injury 

between 3 months and later follow-up (Group 2) was 2.0% (range = -4.0% to 6.6%).This difference 

was consistent with patterns seen during manual assessment of the MRI images, specifically, that a 

general decrease in the degree of overall LA enhancement occurred from 24 hours to 3 months, while 

the degree of enhancement remained constant at three months to later follow-up periods. Figure 3 

shows the range and inter-quartile range of both groups. The difference between Group 1 and Group 2 

was statistically significant (p = 0.048, Wilcoxon Ranked Sums Test). 

 The qualitative comparison of the LA scar patterns between 24 hour and 3 months (Group 1) 

and 3 months and later follow-up (Group 2) revealed a stronger qualitative relationship among MRI 

scans acquired from 3 months to later time points.  Figure 4 shows the distribution for the qualitative 

assessment score.  The relationship between MRI scans in Group 1 were significantly lower than those 

in Group 2 (p < 0.001, Wilcoxon Ranked Sums Test).  Figure 4 (Patient 1) shows an example of the 24 

hour scar pattern which is diffuse (left) and which dramatically reduces at 3 months.  In contrast, 



Patient 2 shows an example where the LA posterior wall scar patterns remain consistent in size and 

location from 3 months on. 

 Figure 5 shows the results of pairwise regression analysis between the detected scar formation 

at 24 hours and 3 months (Group 1) and that at 3 months and later follow-up (6 or 9 months; Group 2).  

There appears to be no relationship between the overall scar extent at 24 hours and that detected later 

at three months (R2 = 0.0004).  In contrast, a strong correlation is seen between detected injury at 3 

months and later follow-up (R2 = 0.966). 

Discussion 

Our study is the first analysis to detail the morphological changes of RF-induced tissue injury 

following AF ablation.  We demonstrate that in the acute stages post-PVAI, patients showed decreased 

LA wall enhancement from 24 hours to 3 months, with qualitatively distinct enhancement patterns 

between those two time points.  We also found RF-induced scar appears to form by 3 months post-

ablation with no recovery or reduction of scar after that time point.  This was confirmed by similarities 

in LA scar percentage and consistency in size, location, and intensity of LA lesions between MRI 

acquired at three months post-ablation and those with later follow-up. 

Acute Response 

Our results indicate AF patients experience significant LA wall enhancement in the acute stages post-

ablation with the majority of patients showing decreased enhancement at 3 months.  Analysis of three 

dimensional MRI models of the LA in the acute stages post-PVAI showed distinctly unique 

enhancement patterns as compared with MRI scans at later time points.  Acute scans showed a less 

intense, diffuse, and scattered enhancement pattern that partially resolved when compared with MR 

images at 3 months.  We believe the high levels of enhancement 24 hours post-PVAI could represent 



an overestimation of the necrotic scar size in the acute stages, similar to the overestimation reported 

with left ventricular infarct size following ischemic events.19-24  In prior studies involving ischemic 

events, the authors speculate that gadolinium-enhancement of left ventricular scar decreases over time.  

This may occur due to involution of scar into a smaller volume, partial volume effects, and/or peri-

infarct edema of the bordering scar cardiomyoctes.  Furthermore, other authors have speculated that 

the decrease in left ventricular enhancement between 24 hours and three months could represent 

injured but reversible tissue in the peri-necrotic zone.25  This tissue appears to heal over time and may 

recover myocardial function following reperfusion.26 

 We believe the overestimation of LA enhancement in the acute stage post-PVAI could be the 

result of a inflammatory process induced by RF energy delivery.  A transient inflammatory process 

causing LA edema and hemorrhage in addition to cardiomyocyte necrosis has been described in 

numerous animal studies involving RF catheter ablation.8, 10, 27  Deneke et al described an acute tissue 

reaction post-RFCA with distinctly different atrial tissue reactions between the first week and month 

post-RF ablation.27  In their study, they detected zones of fresh bleeding sometimes producing 

confluent intramural hematoma up to 22 days after the ablation procedure, possibly due to thermal 

damage to smaller blood vessels with vessel wall alterations (leakage) and thrombosis.  Oswald et al, 

also found elevated CRP levels immediately post ablation that they believed was secondary to the 

release of endothelial and myocardial inflammatory cytokines and increased inflammation.28 

 The inflammatory process and increased leakage result in increased edema of the LA.  A recent 

study by Okada et al using electron beam X-ray computed tomography (CT) demonstrated significant 

LA wall edema following RF ablation that self-resolved by one month following the procedure.29 The 

non-invasive CT study has very high spatial resolution but to date can only depict the wall of the LA, 

and not whether or not contrast enhancement is present. Others have reported that severe LA edema 



may remain even 2 months following the ablation procedure.30  It has been shown that gadolinium 

accumulates in cardiac tissue with increased water content 31 and enhances myocardial regions where 

the extracellular volume is increased, such as in conditions of inflammation, edema, and/or necrosis 

(9-11).32-34  We believe this explains the difficulty in distinguishing which processes are responsible 

for the MRI enhancement in the acute stages post ablation.  Also, an interesting point of the Okada 

study was the discovery of edematous changes in the LA wall in locations remote from the PV’s where 

RF energy was not delivered.  In our study, the 24 hour MRI scans revealed hyperenhancement in 

locations not targeted with RF energy and remote from the pulmonary veins, including the anterior 

wall.  The enhancement in these regions had disappeared by three months.  This finding further 

supports the notion that inflammation could be partly responsible for the enhancement present in the 

24 hour scan prior to self-resolving by three months.    

 An immediate post-ablation inflammatory state could also explain why some patients 

demonstrate early recurrences of AF in the immediate days and weeks following the procedure.  Oral 

et al demonstrated that approximately 35% of AF patients experienced a brief episode of AF 

recurrence shortly after PV isolation.35  They further showed that one-third of patients eventually had 

successful AF termination, suggesting that early recurrence was only a transient phenomenon.  We 

speculate that although electrical isolation of the PV’s is often achieved peri-procedurally, the 

disruption of electrical circuits could be the result of inflammation and edema and not necessarily due 

to cardiomyocyte necrosis.  In certain patients, early recurrence of AF could possibly occur as 

inflammation self-resolves prior to scar formation.  Continued AF recurrence following the blanking 

period could be the result of inadequate scar formation.  Thus, whether the early AF recurrence self-

resolves or continues following 3 months could be related to the location and extent of eventual LA 

scar formation. 



Chronic Response 

In our study we found that by three months post-procedure the RF-induced enhancement on MRI 

showed great consistency with scans acquired at 6 or 9 months.  This likely represents permanent LA 

wall injury.  In our analysis, most patients experienced only a minimal change in scar after 3 months 

with some patients experiencing a slight expansion of relative LA scar percentage at later follow-up.  

This minimal increase in scar percentage could be related to the repeatability of the approach, or 

secondary to volumetric changes associated with structural remodeling of the LA following restoration 

of sinus rhythm.  The increase could also be the result of the physiologic properties of the bordering 

cardiomyocytes of the scar.  In our study, we found that new scar detected at 6 or 9 months only 

existed in regions adjacent to scar seen at three months.  No new scar formation occurred in regions of 

the LA not associated with lesions seen on MRI scans acquired at three months.  The gradual 

expansion of LA wall scar in the chronic stage could be similar to the physiologic response reported in 

LV ischemic patients.36-38  Studies have shown that in patients who experienced an LV ischemic event, 

the cells bordering the infarct zone are significantly hypertrophied.  These cells eventually outgrow the 

capillary network and undergo apoptosis due to inadequate oxygenation and nutrient supply.36-38  A 

similar pathophysiological response could explain the gradual expansion of RF-induced scar along the 

peri-necrotic zones following ablation of the LA. 

 Currently there is much debate and speculation among electrophysiologists regarding the 

mechanisms of AF recurrence following catheter ablation (Gerstenfeld Callans Dixit Incidicence and 

Location of focal atrial fibrillation triggers in patients undergoing repeat pulmonary vein isolation).39  

One theory is that recovery of LA scar occurs allowing for resumption of electrical conduction in 

previously isolated PVs.39-42    Our data appears to indicate that by three months post-ablation, there is 

no recovery or reduction in scar lesions.  Indeed, there may be a small overall increase.  This may 

signify that any recovery of electrical isolation is likely the result of inadequate scarring from the 



procedure rather than resumption of electrical conduction in previously scarred atrial tissue.  By 

understanding that any recovery of chronic lesions is minimal, this helps to focus research on 

elucidating the mechanisms responsible for AF recurrence following ablation.  It might also be 

possible that individual LA substrates respond differently to RF energy than others. An increased 

understanding of the factors involved in RF-induced scar formation will be of immense value in 

determining treatment algorithms that triage AF patients to either medical or interventional therapy. 

Clinical Implications 

Recent advances in cardiac MRI show the potential to provide significant clinical applicability in the 

management and treatment of AF.  The ability for practitioners to noninvasively assess PV isolation 

and extent of scarring using DE-MRI can potentially provide insight into the relationship between 

successful PV isolation and clinical outcome.     

 Our study shows that in the immediate stages following PVAI, the LA exhibits enhancement 

patterns that do not always indicate the extent and location of eventual scar formation.  This may be 

due to transient inflammation following the procedure and during the first few months of recovery.  

However, comparisons of PV scar patterns at three months were very consistent to scar patterns seen 

at later follow up periods.  This may indicate that 3 months post-PVAI is an appropriate time to 

acquire post-ablation DE-MRI to evaluate for pulmonary vein isolation and extent of LA wall scarring.  

 Cardiac MRI has the potential to help answer many of the perplexing questions regarding the 

basic properties of AF; including the mechanisms of AF recurrence following catheter ablation.  

Research is needed to correlate RF-induced scar patterns to clinical outcome as well as to determine 

the LA substrate properties responsible for scar formation.  Increased understanding of these points 

may provide insight into why individual AF patients have dramatically different responses to ablation 

therapy. 



Study Limitations 

Though the trends noted are consistent among patients, the sample size for our study is small.  In 

addition, 3D MR imaging in this study was performed on 1.5 Tesla Scanner.  Significant 

improvements in LA wall imaging with greater spatial resolution, signal to noise ratio (SNR) and 

contrast to noise ratio (CNR) is expected at higher magnetic fields (3 Tesla).  The difference in SNR 

and CNR may allow for differentiation of edema from necrotic myocardium.  A second limitation 

regards the limited number of time points for individual patients.  Yet, while the number of time points 

is small, there is a great degree of consistency in the results among all patients.  Future work in this 

area should utilize a greater number of time points to explore the formation of scar in the first few 

months following ablation for AF. 

Conclusion 

RF-induced scar as measured by DE-MRI following PVAI appears to have formed by three months 

post-ablation.  Scar patterns remain consistent in extent, location, and intensity at later follow up.  At 

24 hours following the procedure, DE-MRI enhancement patterns appear consistent with a transient 

inflammatory response that self-resolves prior to LA scar formation. 
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Figures and Tables 

Figure Legends 

Figure 1.  Three dimensional delayed enhancement MRI analysis of scar patterns in a single patient at 

24 hours and 3 months post pulmonary vein antrum isolation.  Twenty-four hour MRI shows diffuse 

enhancement patterns with a substantial reduction in the detected scar between the left lateral and 

posterior wall at the 3 month scan.  At 3 months, LA scar patterns appear to be in well-demarcated 

scar borders along the posterior wall and around the PV antrum.  Comparison of 3D images between 

these two time points demonstrate scar changes. 

 

Figure 2.  Shows MRI scans acquired at 3 months (top) and 6 months (bottom) in a single patient.  

There are consistent scar patterns and intensity in the two dimensional MRI slices (left) at both time 

points.  Three dimensional reconstructions in three separate views (posterior, left lateral and right 

lateral) show RF induced scarring that is consistent between the three month scan and the six month 

scan. 

 

Figure 3.  Change in scar in patients from 24 hours to 3 months (Group 1) and from 3 months to latest 

follow-up at 6 or 9 months (Group 2).  An overall reduction is seen in patients from 24 hours to three 

months, while a small increase is seen in patients from 3 months to the time of latest follow-up. The 

between the two groups difference was statistically significant (p = 0.048, Wilcoxon Ranked Sums 

Test). 

 



Figure 4.  Qualitative comparison of LA posterior wall scar patterns between 24 hours and 3 months 

(Patient 1) and 3 months and 6 months (Patient 2).  In patient 1, the 24 hour scar patters appear diffuse 

and distinct from those seen at 3 months.  Further, there is a considerable reduction in scar (which is 

notable in the lower right posterior wall).  In Patient 2, scar patterns are consistent in size and location 

between 3 and 6 months, showing little apparent change or recovery.  The graph at right illustrates the 

statistical significance (p < 0.001, Wilcoxon Ranked Sums test) of similar LA scar patterns in the 

acute versus chronic stages following pulmonary vein antrum isolation.  The qualitative relationship 

between scar at chronic time points is much greater than that seen during acute time points. 

 

Figure 5.  Relationship between detected scar formations at 24 hours and 3 months (left) or 3 months 

and later follow-up (6 or 9 months; right).  No correlation is seen between the extent of detected injury 

at 24 hours and 3 months, while a strong correlation is seen between detected injury at 3 months and 

later follow-up.  



Tables 

 
Table 1.  Patient Demographics 

 

Overall 

(n = 25) * 

Group 1 

(n = 10) 

Group 2  

(n = 16) 
P-Value † 

Age (Years)         

Type of Atrial Fibrillation       

0.32 
Paroxysmal 16 (61.5%) 5 (50.0%) 12 (75.0%) 

Persistent 8 (30.8%) 5 (50.0%) 3 (18.8%) 

Longstanding Persistent 1 (3.8%) - 1 (6.3%) 

Gender     

Female 12 (48%) 7 (70%) 5 (31.3%) 
0.025 

Male 13 (52%) 3 (30%) 11 (68.6%) 

Hypertension 10 (38.5%) 5 (50%) 6 (37.5%) 0.412 

Diabetes 3 (11.5%) 1 (10%) 2 (12.5%) 0.677 

Coronary Artery Disease - - - - 

History of Smoking 6 (23.1%) 3 (30%) 3 (18.8%) 0.420 

Valve Surgery 1 (3.8%) - 1 (6.3%) 0.615 

Myocardial Infarct - - - - 

Congestive Heart Failure 1 (3.8%) - 1 (6.3%) 0.640 

* One patient received scans at 24 hours, 3 months and 6 months post ablation.  As a result, the 

patient data has been included in both Group 1 and Group 2. 

† Fischer Exact Test between Group 1 and Group 2.  Comparison included 26 cases. 
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Figure 4.  Qualitative comparison of LA posterior wall scar patterns between 24 hours and 3 months 

(Patient 1) and 3 months and 6 months (Patient 2).  In patient 1, the 24 hour scar patters appear diffuse 

and distinct from those seen at 3 months.  Further, there is a considerable reduction in scar (which is 
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Figure 5.  Relationship between detected scar formations at 24 hours and 3 months (left) or 3 months 

and later follow-up (6 or 9 months; right).  No correlation is seen between the extent of detected injury 

at 24 hours and 3 months, while a strong correlation is seen between detected injury at 3 months and 

later follow-up. 
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