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Abstract. Delayed-enhancement magnetic resonance imaging is an effective 
technique for imaging left atrial (LA) scars both pre- and post- radio-frequency 
ablation for the treatment of atrial fibrillation. Existing techniques for LA scar 
segmentation require expert manual interaction making them tedious and 
prone to high observer variability. In this paper, we propose a novel automatic 
segmentation algorithm for segmenting LA scar based on a probabilistic tissue 
intensity model. This is implemented as a Markov random field-based energy 
formulation and solved using graph-cuts. It was evaluated against an existing 
semi-automatic approach and expert manual segmentations using 9 patient 
data sets. Surface representations were used to compare the methods. The 
segmented LA scar was expressed as a percentage of the total LA surface. 
Statistical analysis showed that the novel algorithm was not significantly 
different to the manual method and that it compared more favorably with this 
than the semi-automatic approach. 

Keywords: delayed enhancement MRI, atrial fibrillation, scar segmentation, 
graph-cuts, Markov random fields. 

1   Introduction  

Atrial fibrillation (AF) is the most common cardiac arrhythmia and affects 
approximately 2.2 million people in the USA. A common treatment for AF is 
minimally-invasive catheter-based radio-frequency ablation (RFA) that aims to 
electrically isolate the pulmonary veins (PVs) from the left atrial body. The procedure 
is successful in 50-80% of patients. Assessment of the LA substrate in terms of 
scarring is important both pre- and post-RFA. The successful imaging of LA scars has 
been demonstrated using Gadolinium delayed enhancement (DE) magnetic resonance 
imaging (MRI) [1, 2] (see Fig. 1a). However, clinical interpretation of these data is 
difficult from tomographic images. Several strategies have been proposed for 
visualization including maximum intensity projection (MIP) onto a thick slice [1], 
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MIP onto a LA surface model [3] (see Fig. 1b), and 3D volume rendering [2]. Such 
visualization techniques provide more intuitive visualization and may have a role for 
guiding redo procedures [4], which are very common (20-50%). Quantification of the 
DE-MRI has been proposed using thresholding techniques for either endocardial 
surface-based segmentation [3] or volumetric segmentation [2]. Such quantification 
has been shown to predict likely response to RFA in clinical studies [5]. It will also be 
critical for applying cardiac biophysical models of AF for patient selection and RFA 
planning [6]. 

  
a b 

Fig. 1. (a) Example of left atrial Gadolinium delayed enhancement MR images; (top) pre-
ablation; (bottom) post-ablation showing enhancement around the pulmonary veins. (b) Left 
atrial surface model with color-code scar information (red is scar) generated using maximum 
intensity projection of DE-MRI intensity to left atrial surface along surface normals [3]. The 
model is superimposed onto live X-ray fluoroscopy data to guide a redo ablation procedure. 

Existing techniques [2, 3] for LA scar segmentation require expert user interaction 
making them tedious and prone to high inter- and intra-observer variability. In this 
paper, we propose a novel automatic LA scar segmentation algorithm based on a 
probabilistic tissue intensity model of DE-MRI data. This is implemented as a 
Markov random field (MRF)-based energy formulation and solved using graph-cuts. 
We evaluated our automatic method using 9 patient data and compare to expert 
manual and semi-automatic approaches [3]. 

2   Methods 

2.1   Patient Protocol 

9 patients with paroxysmal AF were recruited into the study under a local ethics 
committee approved protocol. The patients underwent RFA using wide area 
circumferential ablation to achieve isolation of the PVs. At 6 months post-ablation, 
the patients underwent MRI (1.5T Achieva, Philips Healthcare, The Netherlands). 
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The MR examination included (a) a 3D magnetic resonance angiography (MRA) scan 
with whole-heart coverage, reconstructed to 1mm isotropic resolution, following 
injection of a 0.4ml/kg double dose of a Gd-DTPA contrast agent; (b) a 3D 
respiratory-navigated and cardiac-gated, balanced steady state free precession 
(bSSFP) acquisition with whole-heart coverage, reconstructed to 1.3mm isotropic 
resolution; and (c) 20 minutes after contrast injection, the delayed enhancement scan, 
which was a 3D respiratory-navigated and cardiac-gated, inversion recovery turbo 
field echo with whole LA coverage, reconstructed to 1.3x1.3x2mm3 resolution. 

2.2   Left Atrium Segmentation and Image Registration 

The best quality anatomical scan was selected from either the bSSFP or MRA scans 
and the endocardial boundary of the LA was segmented using an automatic approach 
based on a statistical shape model [7]. The automatic segmentation was verified by a 
clinical expert and manual corrections were made whenever required to achieve a 
high-fidelity result. The anatomical images were registered to the DE images using 
initialization by the DICOM header data, followed by affine registration [8]. Thereby 
the endocardial LA boundary was defined in the DE images. 

2.3   Segmentation of Atrial Lesions 

Segmentation Framework. The segmentation approach is based on a MRF-based 
energy formulation solved using graph-cuts [9]. Segmentation of scars from DE-MRI 
images can be described as assigning a label ௣݂ א ሼ0,1ሽ to every voxel ݌ in the image. 
Voxels representing scar tissue are assigned to the foreground class label ௣݂ ൌ 1 and 
non-scar tissues are assigned to the background class label ௣݂ ൌ 0. Given the 
observed intensities in the image and prior knowledge about scars, the segmentation 
problem can be solved using a probabilistic framework where the maximum a 
posteriori (MAP) estimate is computed using Bayes' theorem: argmax܎ ۷ሻ|܎ሺ݌ ൌ ௣ሺ۷|܎ሻ௣ሺ܎ሻ௣ሺ۷ሻ   (1)

where ܎ is the total label configuration and ۷ are all observed intensities in the image. 
The image likelihood ݌ሺ۷|܎ሻ describes how likely is the observed image given a label 
configuration ܎. The prior ݌ሺ܎ሻ encodes any prior knowledge of the tissue class labels 
(i.e. non-scar and scar tissue classes). Eq. 1 is commonly transformed into an MRF-
based energy function over the neighborhood system N and labeling f : ܧሺ݂ሻ  ൌ ߣ ∑ ୟ୲ୟሺୢܧ ௣݂ሻ௣א௉ െ ∑ ୮୰୧୭୰൫ܧ ௣݂, ௤݂൯.ሼ௣,௤ሽאே   (2)

The introduction of a weighting term ߣ weights the influence of the energy terms. The 
intensity energy ୢܧୟ୲ୟ measures the disagreement between the a prior probabilistic 
model and the observed data, and ܧ୮୰୧୭୰ is a smoothness term within a tissue class that 
penalizes any discontinuities between voxel pairs ሼ݌,  ሽ. The scar segmentationݍ
problem is solved by minimization of the energy function described in Eq. 2. In the 
context of images, certain MRF-based energy functions are efficiently solved using 
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graph-cuts [9]. In this approach the image is represented as a graph ܩ ൌ ,ܸۃ  where  ۄܧ
each voxel in the image corresponds to a node. However, the node set ܸ contains two 
special terminal nodes called the source and the sink. These represent the foreground 
(i.e. scar) and background (i.e. non-scar tissue) classes respectively. Every node in the 
graph has an edge to these terminal nodes, as well as neighbour-to-neighbour edge 
links that exist between neighboring nodes. The MRF-based energy function in Eq. 2 
is coded into the edge weights. The optimal cut or partitioning of the graph into two 
disjoint sets with each set containing a terminal node solves the segmentation 
problem. The cost of the graph-cut is equal to the total energy of the corresponding 
segmentation.  

Non-scar Tissue Priors. The intensity model for non-scar tissue provides the source 
edge weights in the graph. This is based on prior knowledge about different tissue 
classes that could possibly interface with scar. As scar tissue normally borders with a 
multitude of tissues, it is not possible to model non-scar tissues using a single, uni-
modal Gaussian distribution. A multi-modal distribution is used that can be 
represented as a mixture of Gaussian distributions: ∑ ܽ௜௡௜ୀଵ ۵௜ሺߤ௜, ௜ሻ  (3)ߪ

where ۵௜ is a Gaussian distribution for tissue i with mean ߤ௜ and variance ߪ௜ for some 
mixture proportion ܽ௜ א ሾ0,1ሿ and ∑ ܽ௜௡௜ୀଵ ൌ 1. The non-scar tissue model is derived 
from the image to be segmented (i.e. unseen image). Given our segmentation of the 
LA endocardium from the anatomical images, regions of blood pool, atrial wall and 
pericardium can be approximated. This is accomplished by obtaining regions within 
fixed distances from the LA endocardium. For example, regions of blood pool and 
pericardium are obtained 5mm inside and outside the endocardial border, 
respectively. The atrial wall region is obtained 0-5 mm from the endocardium. See 
Fig. 2 for examples of the healthy tissue mixture model taken from two patients. 
However, as scarred tissue is also part of the atrial wall, the Gaussian in the mixture 
model most likely resulting from scar tissue is identified and eliminated. This is 
possible using an ROI corresponding to scar tissue that is selected by the operator. 
Assuming that the mean and variance of scar are  ߤௌ and ߪௌଶ respectively, then the 
Gaussian corresponding to index t has the maximum amount of overlap with the scar 
Gaussian within unit standard deviation and is subsequently eliminated: ݐ ൌ argmax௜ห|ߤ௜ േ |௜ߪ െ ௌߤ| േ ௌ|ห.  (4)ߪ

Following the elimination of Gaussian ۵௧, the weights of the remaining Gaussians of 
the mixture model are normalized to sum to one. It is also useful to take as user-input 
an ROI on normal myocardium selected by the operator. To incorporate this new 
normal myocardium Gaussian with mean and variance ߤெ and ߪெ into the existing 
tissue mixture model, the weights are adjusted based on ߩ which weights the degree 
of confidence on the manual operator’s normal myocardium selection with a higher 
ratio assigned for expert operators: ݌൫۷ห ௣݂ ൌ 0൯ ൌ ሺ1 െ ሻߩ ∑ ܽ௜௡ିሼ௧ሽ௜ୀଵ ۵௜ሺߤ௜, ௜ሻߪ ൅ ,ெߤ۵ሺߩ ெሻ.  (5)ߪ
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segmentation, as for the semi-automatic method. This will be important for assessing 
transmurality of post-RFA scars. It is envisaged that user-independent lesion 
segmentation with low computational cost, as proposed in this paper, will allow for 
standardization of DE-MRI as a marker of cardiac injury. Future work will focus on 
improved training of the probabilistic intensity model and validation using a larger 
patient cohort with more expert segmentations per data set. 
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