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ORIGINAL ARTICLE

See Editorial by Markman and Nazarian

BACKGROUND: Magnetic resonance imaging (MRI) has been used 
to acutely visualize radiofrequency ablation lesions, but its accuracy in 
predicting chronic lesion size is unknown. The main goal of this study 
was to characterize different areas of enhancement in late gadolinium 
enhancement MRI done immediately after ablation to predict acute 
edema and chronic lesion size.

METHODS AND RESULTS: In a canine model (n=10), ventricular 
radiofrequency lesions were created using ThermoCool SmartTouch 
(Biosense Webster) catheter. All animals underwent MRI (late gadolinium 
enhancement and T2-weighted edema imaging) immediately after 
ablation and after 1, 2, 4, and 8 weeks. Edema, microvascular 
obstruction, and enhanced volumes were identified in MRI and 
normalized to chronic histological volume. Immediately after contrast 
administration, the microvascular obstruction region was 3.2±1.1 times 
larger than the chronic lesion volume in acute MRI. Even 60 minutes after 
contrast administration, edema was 8.7±3.31 times and the enhanced 
area 6.14±2.74 times the chronic lesion volume. Exponential fit to the 
microvascular obstruction volume was found to be the best predictor 
of chronic lesion volume at 26.14 minutes (95% prediction interval, 
24.35–28.11 minutes) after contrast injection. The edema volume in late 
gadolinium enhancement correlated well with edema volume in T2-
weighted MRI with an R2 of 0.99.

CONCLUSION: Microvascular obstruction region on acute late gadolinium 
enhancement images acquired 26.1 minutes after contrast administration 
can accurately predict the chronic lesion volume. We also show that 
T1-weighted MRI images acquired immediately after contrast injection 
accurately shows edema resulting from radiofrequency ablation.
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Radiofrequency ablation is routinely used to treat 
different cardiac arrhythmias.1 Ablation success de-
pends on creating permanent lesions and so when 

ablating physicians check for successful pulmonary vein 
isolation using functional techniques. However, it is not 
uncommon for electric connection to be re-established.2,3 
Prior studies have shown that the temporary isolation 
could be because of edema in the ablated area.4 Al-
though magnetic resonance imaging (MRI) is excellent at 
characterizing soft tissue and has been used to visualize 
ablation lesions,5,6 the ability of MRI performed acutely 
after lesion creation to predict final scar size is uncertain.7 
Much more certain is the use of late gadolinium en-
hancement (LGE)-MRI is to detect permanent myocardial 
scar but only when images are acquired well after either 

ablation or myocardial infarction.8 A further motivation 
to establish lesion size from acute MRI comes from devel-
oping real-time MRI-based ablation solutions.9,10 For any 
of these uses of acute MRIs to be effective, it is essential 
to know the characteristics of acutely visualized lesions 
and their relationship to permanent scar.

The acute myocardial response to radiofrequency 
ablation includes tissue injury that limits perfusion of 
the injured area because of disruption of blood vessels. 
This phenomenon is known as microvascular obstruction 
(MVO), and these areas are referred to as the no-reflow or 
low-reflow regions.11,12 These areas of no-reflow enhance 
slowly over a period of time and is highly dependent on 
delay in time between contrast injection and LGE-MRI 
acquisition. As a result, the ideal timing between contrast 
injection and time to image that will accurately predict 
the chronic lesion size is unknown. Another facet of tis-
sue response to radiofrequency ablation is reversible acute 
edema that can temporarily disrupt electrical propaga-
tion.4 As with no reflow, the extent of edema and the time 
line of its resolution are not fully characterized. The edema 
caused by radiofrequency ablation has been visualized by 
T2-weighted (T2w) MRI but can also seem in LGE-MRI as 
enhanced areas with different temporal characteristics of 
enhancement and resolution. In this study, we character-
ize the LGE-MRI for acute and maturing ablation lesions 
with the goal of using acute MRI to predict acute edema, 
as well the size of chronic ablation lesion.

METHODS
Electrophysiology Study and Ablation 
Procedure
A canine model (n=10) was used for this study. The study 
protocol was approved by Institutional Animal Care and Use 

WHAT IS KNOWN?
•	 Radiofrequency ablation lesions can be visual-

ized acutely using late gadolinium enhancement 
magnetic resonance imaging with a central region 
of no enhancement (microvascular obstruction 
region) surrounded by a ring of enhancement.

•	 Reversible edematous is also well-recognized feature 
of ablation that can disrupt electrical propagation.

WHAT THE STUDY ADDS?
•	 The acute postablation T1-weighted magnetic 

resonance imaging acquired immediately after 
contrast administration can characterize edema in 
acute lesions.

•	 The central no enhancement microvascular obstruc-
tion region acquired 26 minutes after contrast 
administration reliably predicts chronic lesion size.
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Committee. Animals were sedated using propofol and then 
intubated for general anesthesia using isoflurane (1%–3%). 
Percutaneous femoral venous access was obtained bilaterally. 
A 5F sheath was placed in the femoral artery for continuous 
arterial pressure monitoring. Left-sided access was obtained 
by going transeptal under intracardiac echocardiogram and 
fluoroscopic guidance using an SL0 sheath and a BRK-1 (St 
Jude Medical) needle. A fast anatomical map of the left and 
right ventricles was made using CARTO3 (Biosense Webster). 
We used ThermoCool SmartTouch (Biosense Webster) cath-
eter to deliver radiofrequency ablation lesions in the left and 
the right ventricles using 25 or 40 W power for 30 seconds 
under power control mode. The lesion location was marked 
on the fast anatomical map. A total of 3 to 4 distinct lesions 
were placed within the 2 chambers. After the ablation proce-
dure, the animal was moved to the MRI suite and while intu-
bated and sedated underwent MRI as described below. After 
the initial ablation, the animal was extubated and recovered. 
The animals underwent a second round of ablation after 12 
weeks, and these lesions are referred to as acute lesions. The 
initial lesions that had 3 months to mature are referred to as 
chronic lesions. The initial fast anatomical map was used to 
guide the repeat ablation to deliver lesions at distinct loca-
tions away from the initial lesions. The animals underwent a 
repeat MRI immediately after the second ablation. The ani-
mals were then euthanized, and the heart removed for lesion 
assessment, including Masson trichrome staining.

Magnetic Resonance Imaging
MRI studies were performed in 3 Tesla clinical magnetic 
resonance scanners (Verio and Trio, Siemens Healthcare, 
Erlangen, Germany). The MRI was repeated 1, 2, 4, and 8 
weeks after ablation. LGE-MRI: Contrast (0.1 mmol/kg of 
Gd-BOPTA, Multihance, Bracco Diagnostic Inc., Princeton, 
NJ) was injected, and 3-dimensional LGE-MRI was acquired 
repeatedly after the injection to validate the ablation lesions 
for about an hour with increasing time delay between 
contrast injection and image acquisition. For the 3-dimen-
sional LGE, the protocol used was respiratory navigated, 
ECG triggered, inversion recovery prepared 3-dimensional 
gradient echo (GRE) pulse sequence with spatial resolu-
tion=1.25×1.25×2.5 mm, repetition time=3.1 ms, echo 
time=1.4 ms, flip angle=14 degrees, inversion time=210 to 
390 ms, and whole-heart coverage. The midpoint of the scan 
was taken as the time of scan when tabulating the lesion size 
in MRI after contrast injection. Before contrast administration, 
the animals also underwent a T2-weighted edema imaging 
using respiratory navigated, ECG triggered, double inversion 
recovery (DIR) prepared 2-dimensional turbo spin echo pulse 
sequence with echo time=81 ms, repetition time=3 cardiac 
cycles, echo train length=21, fat suppression using SPAIR 
(Spectral Attenuated Inversion Recovery), in-plane resolution 
of 1.25×1.25 mm, and slice thickness of 4 mm.

Lesion Size Quantification
The harvested hearts were fixed in 10% buffered formalin 
solution. The hearts were then sectioned, with a slice thick-
ness of 2 mm. Corresponding lesions in MRI, fast anatomi-
cal map, and pathology were identified. Then for chronic 

lesions, the volume of the lesion was calculated from digital 
images of both sides of each slice was obtained. The area of 
the lesion (average of the calculated area on the 2 sides of 
the slice) was multiplied with the slice thickness to estimate 
the lesion volume for each slice. For slices that had lesion 
only on 1 side of the slice, the depth of the lesion and area 
of the lesion on the surface that had the lesion were used 
to calculate the volume of the lesion in that slice assuming 
a conical shape. The volume across all the slices for each 
lesion was added to get the total lesion volume.

On the magnetic resonance images, MVO was defined as 
the dark region in the middle of the enhanced region. The 
enhanced area was defined as the bright ring around MVO 
region, and it includes the MVO area. We defined edema area 
as the bright region around the enhanced ring that had a 
lower degree of enhancement. Figure 1 illustrates the appear-
ance of MVO, enhanced and edema areas on the LGE-MRI. To 
calculate the volumes from magnetic resonance images, the 
Seg3D software (SCI Institute, University of Utah) was used to 
segment different regions of each lesion in MRIs and compute 
the volume. The boundary between the different regions was 
manually defined for each slice. For each lesion, the volume 
calculated from MRIs was normalized to the actual chronic vol-
ume on pathology for that lesion to make a better comparison 
with the chronic lesion sizes. Furthermore, we sent samples 
of chronic and acute lesions for sectioning and histology. The 
slices were stained using Masson trichrome staining protocol.

Statistical Analysis
Because the edema, enhancement, and the MVO volumes were 
repeatedly measured for each lesions, the correlated data struc-
tured were considered in our statistical analysis. Lesions were 
treated as clusters, and measurements within each lesion were 
considered as correlated. However, measurements across lesions 
were considered as independent. A generalized estimating 
equation (GEE) method13 was used to estimate the difference in 
volume between the edema and enhancement areas and to test 
whether the difference was statistically different from zero. The 
compound symmetry (or exchangeable) pattern was used as 
the working correlation structure in the linear model using GEE.

Figure 1. Magnetic resonance imaging (MRI) character-
ization of acute lesions.  
A, The appearance of microvascular obstruction (MVO), en-
hanced, and edema areas on the MRI (wk 0). The enhanced 
ring is the brightest region around the dark region of MVO. 
The edema area is the larger area than enhances beyond the 
ring of highest intensity. B, The schematic for appearance of 
MVO, enhanced, and edema areas on the MRI shows how 
the regions were selected.
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Paired t tests were used to compare the mean volume 
between the region of edema and enhancement areas. 
Similarly, paired t tests were performed to compare the mean 
volume of edema assessment in LGE-MRI versus T2w MRI.

An exploratory analysis for relationship between the injec-
tion time and MVO was performed by using the scatter plots. 
After the exploratory analysis, we found that an exponential 
decay model was appropriate for the relationship between 
the normalized MVO volume and contrast time delay (min-
utes). Hence, a log-linear relationship was considered 
between the MVO and injection time. Because the MVOs 
was also measured repeatedly within lesions, the correlated 
data structured were also considered here. A log-linear model 
for Gaussian data was fit, by using the GEE method, to the 
observed data so that the predicted curve of normalized MVO 
volume was an exponential function of the contrast injection 
time (minutes).

After fitting the log-linear model, predicted curve of nor-
malized MVO volume was plotted versus all possible values 
of the injection times within the range all possible observa-
tional times. The 95% prediction intervals were also plotted 
with the predicted curve. The 95% prediction interval was 

calculated using the Delta method based on the estimated 
variance–covariance matrix of the parameter coefficients in 
the log-linear model.14 The optimal time delay was obtained 
as the time when the predicted normalized MVO volume=1, 
and the interval of the optimal time delay was between the 
time when the lower bound of the 95% prediction interval 
of normalized MVO volume crosses 1 and when the upper 
bound of the interval crossed 1.

Statistical analytical package R (www.r-project.org) version 
3.3 and Stata (Stata Corp., College Station, TX) version 13 
were used to perform the statistical analyses. All tests were 2 
sided, and P<0.05 indicated statistical significant results.

RESULTS
Thirty chronic lesions and 48 MRI sessions were analyzed. 
The comparison of acute and chronic lesions on the LGE-
MRI, pathology, and histology is shown in Figure 2. On the 
LGE-MRI, the acute lesion is characterized with a hypoin-
tense MVO region in middle, encircled with an enhance-
ment ring. In the gross pathology, the acute lesions have 

Figure 2. Acute and chronic lesion characterization in magnetic resonance imaging (MRI), pathology, and histology.  
A, Short-axis view from late gadolinium enhancement-MRI scan showing acute and chronic radiofrequency lesions. The chronic 
lesion is characterized with a single enhanced area while acute lesion consists of 3: microvascular obstruction, enhanced, 
and edema areas. B, Gross pathology showing acute and chronic lesions. C, The histology of an acute lesion. D, The histol-
ogy of a chronic lesion with Masson trichrome staining.
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a white central core region with a dark black ring around 
it (Figure 2B). Histology shows clear distinction between 
acute and chronic lesions. For acute lesions, as shown in 
Figure 2C, the histology shows a central core region that 
has the most disruption which gradually approaches fea-
tures of normal tissue as we move away from the core 
of the lesion. In the chronic lesion (Figure 2D), we can 
see a well-defined boundary between the area with well-
defined scar in blue and normal myocardium.

Figure  3 illustrates the LGE-MRI appearance of a 
lesion after different time intervals between contrast 
administration and image acquisition during an 8-week 
period. Figure 3 shows that the MVO area is still pres-
ent up to 40 minutes after contrast injection at week 
0 (acquired immediately after ablation), but the whole 
area enhances almost completely within the first 10 
minutes in 4 weeks. It also shows a consistent finding 
of a large area beyond the MVO that enhances rapidly 
at week 0 but that enhancement does not take place 
from week 2 onwards.

In Figure 4A, we plot the normalized volume of the 3 
distinct regions, namely the edema area, the enhanced 
area (referring to the ring of enhancement around the 
MVO which starts as a bright rim and includes the MVO 
region), and the MVO region with the delay in time from 
contrast administration to LGE-MRI acquisition immedi-
ately after lesion creation. These MRI-based volumes are 
normalized to the chronic lesion volume for the respective 
lesion based on the pathological assessment. The edema 
area (8.73±3.31 normalized volume) and enhanced area 
(6.14±2.74 normalized volume) from acute (week 0) MRI 
scans are both significantly larger than the actual chronic 
scar volume. The normalized MVO volume is also signifi-
cantly larger than final scar volume right after contrast 

injection (3.2±1.1 at minute 5.6), but it decreases over 
time asymptotically approaching zero over time.

We investigated the relationship between the 
chronic scar volume and the MVO volume at different 
delays after contrast administration (in minutes) to find 
the optimal time delay for predicting the chronic scar 
volume. We fit a log-linear model (for Gaussian data) 
using the GEE method to obtain the exponential curve 
of normalized MVO volume as a function of the con-
trast injection time delay (Figure 4B) because it charac-
terizes the contrast diffusion by which this area enhanc-
es over time. The resulting exponential curve is given by 
Y=5.123e−0.0625X or ln(Y)=1.634−0.0625(X), where Y is 
the predicted value of normalized MVO volume and X is 
the time delay in minutes after contrast administration. 
The normalized MVO volume in images acquired after 
a delay of 26.14 minutes (The 95% prediction interval: 
24.35–28.11 minutes) predicts the chronic lesion vol-
ume (when normalized MVO volume=1).

There was no edema visible after a week. At the week 
1 MRI, the normalized volume of enhanced area was 
measured as 3.4±0.35, 4 minutes after contrast injec-
tion and decreased to 2.77±0.30, 60 minutes postcon-
trast injection. During the same time, the MVO area’s 
normalized volume decreased from 2.10±0.41 (4-min-
ute postcontrast injection) to 0.40±0.30 (60-minute 
postcontrast injection). The normalized volume for 
enhanced area at week 2 started at 3.64±0.35 (4-min-
ute postcontrast injection) and decreased to 2.07±0.35 
(37-minute post ablation). At, week 4, the normalized 
volume for enhanced area starts at 1.64±0.11 (5-min-
ute postcontrast injection) and decreases to 1.15±0.10 
(37-minute postcontrast injection). Similarly, the nor-
malized volume for MVO started at 0.31±0.10 and 

Figure 3. An example of the ap-
pearance of a lesion on the late 
gadolinium enhancement mag-
netic resonance imaging at dif-
ferent time points (wk 0, 1, 2, 4, 
and 8) and with different delays 
between contrast injection and 
image acquisition.  
On wk 0, images have edema, 
enhanced, and microvascular obstruc-
tion (MVO) regions. Edema starts to 
fade with delay after contrast injection 
while the enhanced and MVO areas 
are still clearly visible even after 45 min 
since contrast injection. At wk 1, the 
there is no edema and MVO volume 
decreases faster with time delay after 
contrast injection as compared with 
wk 0. At wk 2, the MVO region de-
creases even faster and is completely 
enhanced in 30 min. By wk 4 and 
8, there is no MVO and lesion fully 
enhances as contrast is injected.
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decreased to 0.03±0.04. At week 8, the normalized 
volume for enhanced area started at 1.03±0.03 (4 
minutes after contrast injection) and decreased to 
0.85±0.04 (58 minutes after contrast injection). Eight 
weeks after ablation, there is hardly any MVO area, 
and the enhanced area was close to the chronic lesion 
volume. Figure 5 shows the volumes of the enhanced 

area and the MVO area as seen in LGE-MRI at weeks 1, 
2, 4, and 8 and as it changes with time after contrast 
injection. A total of 248 pairs of normalized volumes 
were used to compare the mean volume between the 
region of edema and enhancement. Table 1 summa-
rizes the volume of edema and enhancement areas at 
the 248 measurements in the longitudinal data sum-

Figure 5. Normalized volumes of the enhanced and microvascular obstruction (MVO) areas at wk 1, wk 2, wk 4, and 
wk 8 after lesion formation with delay in time after contrast injection and magnetic resonance imaging acquisition.  
A, The enhanced and MVO volumes at wk 1 are much larger than chronic lesion volume. B, Enhanced and MVO areas at wk 
2 show similar trend as wk 1, but the decay in MVO volume is much faster and is completely enhanced by 30 min. C, The 
enhanced and MVO volumes are much smaller by wk 4. D, By wk 8, the enhanced region starts to approximate the chronic 
lesion size.

Figure 4. Edema, enhanced, and microvascular obstruction (MVO) regions in magnetic resonance imaging (MRI) 
over time after contrast injection in acute lesions.  
A, The normalized values for edema, enhanced, and MVO volumes with time delay after contrast administration and MRI 
acquisition for wk 0. B, Normalized MVO volume (normalized to chronic lesion size) with delay in time after contrast adminis-
tration and MRI acquisition. The exponential fit crosses the y=1 line at 26.1 min indicating the ideal time delay to acquire the 
MVO images to predict the chronic lesion size. The 95% predicted interval curve fits are also shown.
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mary format because the 248 measurements are from 
34 lesions. The mean normalized volume of the edema 
region was 8.53 (95% confidence interval: 8.12–8.94), 
and the mean normalized volume of the enhancement 
region was 5.92 (95% confidence interval: 5.59–6.24). 
The difference in normalized volumes between the 2 
regions is 2.61 (95% confidence interval: 2.41–2.82). 
The GEE method was used to estimate the difference 
in normalized volume between edema and enhance-
ment regions, in which lesions are treated as clusters, 
and exchangeable correlation structure was used for 
the repeated volume measurements within each lesion. 
Our result from GEE method showed a statistically sig-
nificant difference in volume between the 2 regions 
(P<0.001), with an estimated difference of 2.681 (95% 
confidence interval: 2.358–3.002; Table 2).

To further assess the LGE-MRI–derived edema area, 
we compared it to the T2w edema imaging for acute 
lesions. Figure 6 shows examples of the area of enhance-
ment seen in the T2w and the corresponding area in 
LGE-MRI showing a good correlation. Figure 7 shows the 
quantitative comparison between the area of enhance-
ment on T2w MRI and LGE-MRI–derived edema area. We 
also used the paired t tests to compare the mean volume 
of edema assessment in LGE-MRI and that in T2w MRI. 
The volumes were 967.31 and 954.60 mm3 for LGE-
MRI–derived edema and T2w MRI enhancement, respec-
tively, and correlated well with a R2 of 0.99 (Figure 7).

DISCUSSION
In the last few years, we have made significant progress 
in developing new technology for better lesion creation 

like catheters with contact force information or using 
different forms of energy.15 Despite all these advances, 
we still use indirect parameters to assess lesion creation, 
including functional assays to test for conduction block. 
MRI has excellent soft tissue visualization capabilities and 
has been used to characterize ablation lesions before.5,6 
There is a growing effort to develop real-time electro-
physiological systems to both create ablation lesions and 
verify the tissue changes in real time.16 Here, for the first 
time, we show that LGE-MRI done acutely after ablation 
can quantify edema in the tissue and correlate the acute 
MRI findings with chronic lesion formation.

LGE-MRI done acutely after radiofrequency ablation 
shows an area of no enhancement (MVO region) at the 
core of the lesion. Here, we show that this region can 

Table 1.  Summary of Edema and Enhancement 
Measurements

Variable Mean SD Min Max Observations

Edema

 ��� Overall 8.536 3.283 3.470 24.240 N=248

 ��� Between  1.592 5.564 12.893 n=33

 ��� Within  2.862 2.483 19.883  

Enhancement

 ��� Overall 5.919 2.594 1.931 20.04 N=248

 ��� Between  1.595 3.134 9.531 n=33

 ��� Within  2.032 1.114 16.428  

Table 2.  GEE Model: Estimate and 95% CI of 
Difference Between Edema and Enhancement 
Measurements

 Estimate Robust SE P Value 95% CI

Difference 
between edema 
and enhancement

2.681 0.164 <0.001 2.358–3.002

CI indicates confidence interval; and GEE, generalized estimating equation.

Figure 6. T2-weighted (T2w) and late gadolinium  
enhancement (LGE) images at wk 0 for 2 corresponding 
lesions.  
Edema on T2w images (left; arrow pointing to the lesion) 
corresponds well to the area of enhancement in LGE–mag-
netic resonance imaging (right).

Figure 7. Plot showing the correlation between areas 
of enhancement in T2-weighted (T2w) magnetic reso-
nance imaging (MRI) and the late gadolinium enhance-
ment (LGE)-MRI acquired at wk 0.
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take >60 minutes to fully enhance in acute MRIs. The 
MVO region decreases with time after contrast admin-
istration in an exponential manner. We have also shown 
that the size of the MVO region in images acquired 26.1 
minutes after contrast injection closely predicts the final 
scar size (Figure 4B). We can eliminate wait time after 
ablation by using the no-reflow region as indicator for 
creation of a permanent scar and can also use it to 
estimate the size of the lesion based on the enhance-
ment dynamics. The MVO region itself represents the 
core of the lesion where all vasculature is destroyed and 
hence enhancement in that area is likely to be a dif-
fusive process. This study was done in a canine model, 
so we should be cautious in extrapolating it to humans 
as changes in myocardial vascularity can affect the con-
trast kinetics. But because the MVO region enhance-
ment is likely to be a diffuse process, changes in tissue 
vascularity in the surrounding tissue are going to play a 
diminished role in contrast kinetics.

A prior study estimating the MVO region immediate-
ly post-contrast also showed good correlation with scar 
seen 3 months later.11 That study done in the left atrium 
also showed scar coming from other regions, includ-
ing normal, untreated regions, but that is more likely 
because of changes in atrial size and shape between 
scans done months apart.11

Noncontrast T1-weighted imaging has also been 
described to characterize tissue changes acutely after 
ablation.17,18 The areas that enhance in the acute non-
contrast T1-weighted imaging correlate with regions 
of necrosis in histology, but further studies are need-
ed to show its correlation with chronic scar. We have 
outlined a detailed characterization of the LGE-MRI 
imaging of acute and chronic ablation lesions show-
ing edema and the MVO region that will result in scar, 
including contrast kinetics that can be used to estimate 
chronic scar size.

Edema creation is an integral part of any radiofre-
quency ablation, but there is no quantitative means 
of assessing it during clinical procedures. This edema 
does play a significant role in long-term outcomes after 
ablation and is thought to be at least partly respon-
sible for electric reconnection between ablated areas.4 
Using the traditional functional approaches for testing 
isolation has not always translated to long-term scar, 
and this has been shown to be a cause for arrhyth-
mia recurrence.19,20 LGE-MRI is normally not associated 
with visualizing edematous areas, and traditionally we 
have used T2w MRI images to assess edema. Because 
of the unique nature of acute ablation lesions and the 
rim of enhancement that is created around a central 
core of the ablation lesion, here we show that we can 
use LGE-MRI to identify edematous areas in the ablated 
myocardial tissue (Figures 6 and 7). The area of higher 
intensity around the enhanced rim matches well with 
the enhanced area in the T2w MRIs. The mechanism 

of enhancement of this area is likely different from the 
mechanism of enhancement of the MVO area because 
it enhances rapidly after contrast injection and also nor-
malizes well before the MVO area is even fully enhanced 
(Figure 3). When evaluating histology of acute lesions 
(Figure  2C), there is a large area extending almost a 
centimeter beyond the core of the lesion where the 
normal tissue architecture is disrupted. This histological 
tissue changes after acute ablation has been charac-
terized before as a core of severe coagulation necrosis 
with a peripheral zone of contraction band necrosis.5 
This zone is further surrounded by a rim of intact myo-
cardial cells exhibiting edema.5 We see the same changes, 
and this rim of tissue with edema but intact cells likely 
explains the quick wash in and wash out of the contrast 
in this edema region. The edematous area recovers well 
within a week because there is hardly any edema area 
seen even in week 1 scans. To further validate our area of 
enhancement in LGE-MRI, we compared that area to T2w 
area, and there is good agreement between the 2. This 
further indicates that acquiring just an LGE-MRI within 
minutes after ablation can show areas of edema along 
with areas of permanent damage that will result in scar. 
This will go a long way in making immediate postablation 
scans more efficient as we get closer to implementing 
real-time MRI ablation systems.

CONCLUSION
We have characterized the acute and chronic LGE-MRI 
response of ablation lesions. LGE-MRI images acquired 
immediately after ablation can not only predict area and 
size of permanent scar but can also be used to identify 
edema. The large area of edema recovers with a week, 
but the lesion maturation process takes 8 weeks. We have 
also shown that edema as seen in LGE-MRI correlated well 
with T2w MRI and is in agreement with the large area of 
tissue edematous as seen in histology of acute lesions.
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