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Abstract. We propose a multispectral MRI-based clinical decision support 
approach to carry out automated seizure focus lateralization in patients with 
temporal lobe epilepsy (TLE). Based on high-resolution T1- and T2-weighted 
MRI with hippocampal subfield segmentations, our approach samples MRI 
features along the medial sheet of each subfield to minimize partial volume 
effects. To establish correspondence of sampling points across subjects, we 
propagate a spherical harmonic parameterization derived from the hippocampal 
boundary along a Laplacian gradient field towards the medial sheet. Volume 
and intensity data sampled on the medial sheet are finally fed into a supervised 
classifier. Testing our approach in TLE patients in whom the seizure focus 
could not be lateralized using conventional MR volumetry, the proposed 
approach correctly lateralized all patients and outperformed classification 
performance based on global subfield volumes or mean T2-intensity (100% vs. 
68%). Moreover, statistical group-level comparisons revealed patterns of 
subfield abnormalities that were not evident in the global measurements and 
that largely agree with known histopathological changes.  

Keywords: multispectral MRI, computerized clinical decision support system, 
hippocampal subfield analysis, epilepsy.  

1 Introduction 

Temporal lobe epilepsy (TLE) is the most frequent drug-resistant epilepsy in adults 
and commonly associated with hippocampal sclerosis (HS). Identification of this 
highly epileptogenic lesion is key for preoperative decision-making. MRI volumetry 
of the hippocampus has been a standard technique to non-invasively identify 
hippocampal atrophy as a marker of HS, allowing correct lateralization of the seizure 
focus in up to 70% of patients. However, the remaining 30% of patients present with 
normal hippocampal volumes (TLE-NV), and are currently a great challenge in the 
presurgical work-up of TLE. 

Previous studies suggest that the use of additional MRI contrasts, such as T2-
weighted intensities, may improve lateralization performance in TLE-NV [1].  
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2.1 Generation of the Medial Sheet (Fig. 1B) 

From each subfield label, we extract the skeleton as a medial sheet, running along its 
central path. Following Blum's definition of the skeleton, which was originally given 
in two dimensions, we create an equivalent 3D model using the algorithm based on 
the Hamilton-Jacobi formulation [3]. The solution to this formulation creates evolving 
surfaces (“level-sets”), which iteratively shrink from a given volume along the inward 
normal and identify points of its skeleton at convergence. In this approach, a quantity 
called "average outward flux", computed at all voxels within the volume is used to 
distinguish those belonging to the skeleton (positive number) form non-skeleton 
voxels (presenting as negative numbers). 

We prune secondary mid-surface branches using a 3D-Voronoi diagram method 
[4] to retain the prominent medial sheet M. As this process shrinks the medial sheet in 
areas where the volume boundary has a round shape (Fig. 1B), we extend the edge of 
M to the volume boundary along the curvature of M using a method described in [3], 
ensuring a consistent morphology between individual manifolds. 

2.2 Parameterization of the Medial Sheet (Fig. 1C) 

To guarantee shape-inherent point correspondence across subjects, each subfield's 
boundary is parameterized using an area-preserving, distortion-minimizing mapping 
technique based on spherical harmonics together with a uniform subdivision of the 
mesh (SPHARM-PDM) into 10,242 surface points (henceforth, vertices) [5]. We map 
the SPHARM-PDM vertex-correspondence onto the medial surface M by deforming 
the parameterized boundary surface S0 to M along the gradient of a Laplacian field [6] 
that represents a map of smoothly increasing equipotential surfaces defined between 
S0 and M (Fig. 1C). The use of a Laplacian field guarantees a similar triangular 
topology throughout the deformation and prevents intersection of different vertices. 
Moreover, deformation moves all vertices at a constant speed to reach the final (inner) 
surface simultaneously.  

Let ψ denote the electrostatic potential at equilibrium of some quantity. Then, the 
net flux of ψ through the boundary S of a control volume V is zero. 

 (1) 

In Cartesian coordinates, the Laplacian equation is expressed as:  
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The potential ψ is formed within the volume V enclosed between the SPHARM-PDM 
surface S0 and the medial sheet M. Boundary conditions are preset as ψ1 = S0 and ψ2 = 
M. Solving Eq. (2) results in a smooth transition of equipotentials within V, which is 
resampled at the same resolution as the T1- and T2-weighted MRIs. Eq. (2) is solved 
iteratively using the Jacobi method [6].  

The deformation of S0 is performed by recursively moving each vertex along the 
gradient of Laplacian field ∆ψ while iteratively minimizing the cost function: 

∂ =⋅∇
V

dS 0nψ
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Ok = αTLaplacian, k + βTdistance, k + γTtriangle, k (3) 

Let vk be a vertex of the deforming surface Sk at iteration k. The Laplacian term 
TLaplacian, k constrains the speed of the current deformation using the Euclidean distance 
d between the actual deformation ∆vk and the gradient ∆ψ on vk. The distance term 
Tdistance, k is designed to stop the deformation when vk reaches M. It is defined as 1/Nvk 

∑vk wvk , where wvk is equal to 0 when vk reaches M, otherwise 1. The triangulation 
term Ttriangle, k constrains the shape of triangles based on the similarity of triangulation 
between the current surface Sk and the initial SPHARM-PDM surface S0. It is defined 
as ∑vk 1/r(v'k, v'0), where r is the Pearson's correlation coefficient and v' is a set of 
distances between v and its neighboring vertices, ordered by the icosahedron 
triangulation. The 1/r term approaches zero when triangle shapes of v'0 and v'k become 
identical (i.e., when r approaches 1). To minimize the cost function Ok, we utilize the 
multivariate derivative-free Nelder-Mead approach [7]. Weights α, β, and γ are 
computed empirically (see 3.2). 

2.3 Medial Sheet Modeling of Multivariate MRI Features (Fig. 1D) 

We compute T2 relative-intensity at every voxel v as Iv / ICSF, where Iv represents the 
T2 intensity at voxel v and ICSF is the mean T2 intensity in the CSF of the anterior 
horn of the lateral ventricles (identified by combining tissue classification and atlas 
matching [8]). We map these values to each vertex on the medial sheet using a 3D 
trilinear interpolation. To map local volume changes, we compute vertex-wise 
columnar volumes between the subfield boundary and its medial surface. Columnar 
volume is calculated by multiplying the distance between two corresponding vertices 
on facing surfaces (i.e., the subfield surface and medial sheet) and the mean area of 
the triangles whose edges include either of the two vertices.  

2.4 Seizure Focus Lateralization Based on Supervised Pattern Learning (Fig. 1E) 

We carry out paired t-tests of our feature data (i.e., volume and intensity) between 
corresponding vertices in left and right hemispheres. In regions of significant findings 
(exhaustively evaluated across the entire range of t-values), we calculate asymmetry 
as 2(left-right)/(left+right). These are fed into a linear discriminant analysis (LDA) 
classifier. This supervised classifier automatically lateralizes a patient depending on 
whether the feature vector is predictive of a left- or right-sided seizure focus. 
Classifier performance was evaluated using a leave-one-out cross-validation 
approach.  

3 Experiments and Results 

3.1 Subjects 

We studied a consecutive sample of 15 drug-resistant patients with TLE-NV admitted 
to the Montreal Neurological Hospital for presurgical evaluation of epilepsy (5 males; 
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age=31.3±9.2 years). Presurgical evaluation in our tertiary centre for the diagnosis 
and focus lateralization of TLE included seizure semiology, video-EEG with scalp 
electrodes, MRI, and neuropsychology. When data did not converge, patients 
underwent intracerebral EEG implantation. Our sample consisted of 9 left and 6 right 
TLE patients. Twelve patients had surgery. Histology showed hippocampal sclerosis 
in all; 10 were completely seizure-free and 2 had few residual spells (mean follow-up: 
36±17 months). Based on a clinically conventional volumetric assessment (using z-
score normalization with respect to the distribution of volume measures from a group 
of 25 healthy controls; 12 males; age=31.2±7.5 years), no patient presented with 
hippocampal atrophy (i.e., all z-scores ≥ -2). Age and gender did not differ between 
controls and patients (t=1, p>0.4).  

3.2 Image Acquisition and Pre-processing 

Acquisition. MRI data were acquired on a 3.0 Tesla Siemens Trio Tim scanner using a 
32-channel phased-array head coil. T1-weighted images were acquired using 3D-
MPRAGE with 600µm isotropic voxels (TR=3000 ms, TE=4.32 ms, TI=1500 ms, flip 
angle=7°, matrix size=336×384, FOV=201×229mm). T2-weighted images were 
obtained using a 2D-TSE sequence with 400µm in-plane resolution (TR=10810 ms, 
TE=81 ms, flip angle=119°, matrix size=512×512, FOV=203×203). 

Preprocessing. T1- and T2-weigthed MRI data underwent automated correction for 
intensity non-uniformity and intensity standardization [9]. Data were linearly 
registered to the MNI-ICBM152 template [10]. We subsequently upsampled T1- and 
T2-weighted MRI to a resolution of 0.4×0.4×0.4 mm3. To avoid information loss, we 
concatenated the sequential transformation and resampled the images using trilinear 
interpolation for consistent feature sampling.  

Subfield volumetry. Based on these co-registered high resolution T1- and T2-weighted 
MRI, one rater (JKY) segmented three hippocampal subregions (CA1-3, CA4-DG, 
and subiculum) using a previously validated protocol [11].  

3.3 Validation 

Parameter optimization. To impose a similar triangulation between the medial sheet 
and the outer SPHARM-PDM surface, we kept the weight γ for the triangulation 
constant at the maximal value of 1, and decreased the weights α of the Laplacian term 
and β of the distance term until we achieved perfect overlap between the initial medial 
sheet (2.3) and the final deformation (2.4). 

Global measurements. For cross-method comparison purposes, we also obtained 
subfield-wise volume and mean T2 relative-intensity. Each label was eroded by 2 
voxels (0.8 mm) to avoid contamination with partial volume information from 
surrounding CSF and white matter voxels. 

Group-level analysis. We carried out group-wise univariate Student’s t-tests between 
patients and controls for volume and intensity separately as well as multivariate 
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lateralization analysis on the 10 seizure-free patients only (i.e., those patients with 
“gold standard lateralization”) also yielded 100% accuracy. In a separate assessment, 
we also evaluated thickness, which represent height changes only. Thickness yielded 
slightly lower lateralizing accuracy (64%) than volumes (73%), which is driven by 
height and area. 

4 Discussion and Conclusion 

Lateralization of the seizure focus remains a core challenge in the management of 
drug-resistant TLE. In patients with unclear lateralization and/or normal hippocampal 
MRI findings, surgery is often delayed and invasive implantations are considered, a 
procedure associated with complications. Novel markers that improve MRI-based 
lateralization may reduce invasive presurgical procedures. In the current assessment, 
we assessed patterns of columnar volume atrophy and T2 hyperintensity, non-invasive 
markers related to cell loss and gliosis, respectively [13, 14]. 

Our approach combined medial-sheet T2-intensity sampling that minimized partial 
volume effect together with SPHARM-PDM parameterization that was propagated 
from the outer hull towards the medial sheet along a Laplacian field. Surface-based 
analysis revealed more extensive and fine grained patterns of findings than a global 
approach. The pattern of changes we observed was not evident when only considering 
overall subfield analysis. The validity of our findings is further supported by their 
close correspondence to histopathological assessments of the surgical specimen in 
TLE [2]. Subsequent supervised classification based on subfield volumes and T2-
intensity achieved perfect lateralization accuracy in all patients.  

We used a Laplace transform to propagate shape-derived SPHARM-PDM 
correspondence onto the medial sheet. Our approach may overcome limitations of 
feature sampling derived directly from Hamilton-Jacobi methods [3], which  achieves 
correspondence using voxel- or surface-parameterizations (distributing points 
uniformly on the medial sheet), a strategy that may not be anatomically meaningful. 

We lateralized 100% of non-diagnostic MRI subjects in our consecutive cohort. In 
tertiary epilepsy centers, these patients often undergo several weeks of intracerebral 
EEG recordings, an invasive procedure associated with high risks, costs, and demands 
on clinical staff. Thus, several hours of non-invasive analysis by a single rater can be 
considered valuable, and sets basis for future automation. 
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