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Abstract 

 

EPILEPSY is a burdensome neurological disorder, which affects people of all ages. However, the 

modern age of science, medicine and technology, has substantially helped our understanding of epilepsy. 

Of many medical examinations, magnetic resonance imaging (MRI) is one most important non-invasive 

ways to analyze and identify structural and functional brain abnormalities. Along with the advent of 

mathematical/statistical based computational models, brain morphometry can be very well studied and 

understood. 

 

Voxel-based morphometry (VBM) is a well-established computational approach, which uses MRI 

images to detect structural differences between groups of subjects or single subjects against normal 

controls, the latter commonly used to detect lesions in focal epilepsy. The aim of my research is to 

validate existing VBM methods and explore strategies to improve its performance in detecting subtle 

lesions in patients, which can be potentially epileptogenic. Improvements in existing VBM can aid 

clinicians in diagnosing abnormal brain morphology. However, a good sensitivity (related to true 

positives) and a reasonable specificity (related to false positives) is paramount for its clinical usage. 

 

My work in epilepsy is categorized into three major studies, for the dissertation;  

i. Validation-comparison of multispectral segmentation based on 3D T1-, T2- and T2-FLAIR 

and its performance in detecting visible cortical lesions (Lindig et al., 2017). 

ii. Optimization of multispectral voxel-based morphometry models in identifying 

epileptogenic findings in MRI-negative patients (Kotikalapudi et al., 2018). 

iii. Applications of MP2RAGE sequences for multispectral voxel-based morphometry for 

enhancing lesion detection in focal epilepsy patients with conventional MRI images 

(Kotikalapudi et al., in preparation). 

 

In conclusion, computational analysis of multispectral (-contrast) MRI sequences via voxel-based 

morphometry, shows promise of improving lesion detection, especially in focal epilepsy patients with 

previously normal conventional MRI. 
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1. General Introduction 

 

 The World Health Organization reports epilepsy as a chronic disorder of the brain, affecting 

approximately 50 million people (0.63%) worldwide (www.who.int). According to a meta-analysis 

study (of 222 studies), prevalence of active cases was reported at 6.38 per 1000 persons, lifetime 

prevalence at 7.6 per 1000 persons, whereas an annual cumulative incidence was 67.77 per 100,000 

persons and incidence rate was 61.44 per 100,000 persons (Fiest et al., 2016).   Epilepsy has been one 

of the most burdensome disorders of the brain and accounts to 0.70% of Disability-Adjusted Life Years, 

only after cerebrovascular disorders; 4.1%, headache; 0.97% and other neurological disorders; 0.72% 

(Chin and Vora, 2014). Therefore, understanding epilepsy and its classification is crucial, primarily for 

the clinicians’ diagnosing patients. In addition, a clear classification contributes enormously to epilepsy 

research, development of new anti-epileptic therapies, and communication between epilepsy 

communities. 

 

1.1. Epilepsy and classification by ILAE Task Force 

  The 2017 International League Against Epilepsy (ILAE), classifies epilepsy into three stages; 

seizure type, epilepsy type and epilepsy syndrome (Scheffer et al., 2017). In the present section, I attempt 

to briefly explain the latest classification system of ILAE, 2017. 

  

1.1.1. Seizure classification 

 This classification framework begins with a systematic categorization of seizure type. An epileptic 

seizure is defined as “a transient occurrence of signs and/or symptoms due to abnormal excessive or 

synchronous neuronal activity in the brain” (Fisher et al., 2005). The seizures are classified into 

generalized epileptic seizures, focal epileptic seizures and unknown. Generalized seizures originate at 

some point within the brain, but rapidly spread in engaging bilateral neuronal networks, not confining 

to a single hemisphere. Focal seizures are abnormal neuronal activity in localized network(s) in the 

brain. Focal seizures include unifocal and multifocal seizures as well as seizures that are confined to one 

of the hemispheres. Every focal seizure is characterized by a consistent site, where it begins (onset). 

Unlike in the first two types, when it is not known whether a seizure is characterized by general or focal 

onset, it is labeled as unknown type. Unknown is a category stating that further clinical investigations 

have to be made to decide upon the type of seizure. A more detailed description can be obtained from 

ILAE, 2017 operational classification of seizure types (Fisher et al., 2017).   
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1.1.2. Epilepsy classification 

 Epilepsy is defined as “a disorder of the brain characterized by an enduring predisposition to generate 

epileptic seizures and by the neurobiologic, cognitive, psychological, and social consequences of this 

condition. The definition of epilepsy requires the occurrence of at least one epileptic seizure” (Fisher et 

al., 2005). Epilepsy type is broadly classified into four categories namely, generalized epilepsy, focal 

epilepsy, combined generalized and focal epilepsy and unknown category (Scheffer et al., 2017). For 

clinical diagnosis, generalized epilepsy is characterized by generalized onset of seizures, supported by 

generalized spike-wave activity on EEG findings. Focal epilepsies involve focal seizures, where 

diagnosis is performed on clinical grounds, supported by typical interictal EEG based focal epileptiform 

discharges. Combined generalized and focal epilepsy is a new category of epilepsy type, where patients 

show both; generalized and focal seizures. In these patients, diagnosis is performed on clinical grounds 

and supported by both generalized spike-wave and focal epileptiform discharges on an interictal EEG. 

Unknown epilepsy is used wherever the clinicians are not able to identify the patient with either focal 

or generalized epilepsies. This can be due to unavailability of sufficient information required for the 

clinical diagnosis and hence, further clinical investigations have to be performed. 

 

1.1.3. Epilepsy syndrome 

 Features such as seizure onset, typical EEG attributes mapping to one or other types of epilepsies, 

anatomical and physiological features found through imaging modalities, genetic information, play a 

crucial role and aid in the clinical diagnosis of epilepsy. When these clusters of features occur together, 

it can be referred to as epilepsy syndrome (Scheffer et al., 2017). Epilepsy syndromes branch into more 

than 30 different categories and a detailed source of information is provided within the website, 

www.epilepsydiagnosis.org, developed by the ILAE Task Force. Childhood absence epilepsy, frontal 

lobe epilepsy, temporal lobe epilepsy, dravet syndrome, and west syndrome are some of the frequently 

used examples of epilepsy syndromes. 

 

1.2. Etiology 

 At every classified stage i.e., seizure type, epilepsy type and epilepsy syndrome, the crucial goal of 

the clinician is in determining the underlying cause of the disorder, which is referred to as etiology. 

ILAE, 2017 broadly classifies etiology into six categories namely, structural, genetic, metabolic, 

immune, infectious and unknown (Scheffer et al., 2017). The term ‘structural etiology’ is used, when an 

underlying structural abnormality is the most likely cause of the epilepsy (Berg et al., 2010), e.g. mesial 

temporal lobe epilepsy with hippocampal sclerosis or epilepsy due to malformations of cortical 

development are archetypes for a structural etiology. Structural abnormalities may be acquired through 

stroke, injury, trauma, infection and/or caused by genetic mutations. In case of tuberous sclerosis 

complex (TSC), while malformations in the cortex through cortical tubers form the structural etiology, 
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mutations of TSC1/2 gene associate with genetic etiology (Han and Sahin, 2011). The concept of 

‘genetic etiology’ stems from a known or presumes gene mutation, which increases the risks for epileptic 

seizures. In benign familial neonatal epilepsy, studies have shown a 91% association of a molecular 

cause with mostly mutations of KCNQ2 and also SCN2A gene with onset seizures in 36 families 

(Grinton et al., 2015). Seizures can also trigger from a variety of metabolic dysfunctions. For example, 

in patients with hyponatraemia, seizures can occur as an effect from reduced serum levels, mostly when 

below 115mmol/L (Delanty et al., 1998). ‘Infection etiology’ is the most common cause of epilepsy 

worldwide, where infection conditions such as acute bacterial meningitis, intracranial abscesses, central 

nervous system tuberculosis, and cerebral malaria have been linked with a high prevalence of epilepsy 

(Vezzani et al., 2016). (Auto-) immune system disorder leading to a higher risk of epilepsy is 

conceptualized with ‘Immune etiology’. For instance, nearly 10-20% of patients with systemic lupus 

erythematosus (SLE) suffer epileptic seizures at some point in their disorder induced life, due to 

immune-mediated neuronal damages (Aarli, 2000). Unknown etiology is used wherever the underlying 

cause is yet to be identified.  

 

1.3. Focal epilepsy  

 Focal epilepsy is one of the common types of epilepsies, where seizures originate from a localized 

region in the brain. The most important drug-resistant focal epilepsy syndromes include neocortical 

epilepsy, associated with focal cortical dysplasia (FCD) and temporal lobe epilepsy with mesial temporal 

sclerosis (MTS). FCD is a subgroup of malformation of cortical development (MCD), the latter 

including a variety of developmental disorders that serve as a common cause for epilepsy (Barkovich et 

al., 2012). Focal dysplasia of the cortex was first described in 1970s, based on a series of surgically 

resected epilepsy specimens (Taylor et al., 1971).  FCDs are frequently depicted as common etiologies 

causing epilepsy in child and adult populations (Blumcke et al., 2011). Based on the histopathology 

findings, ILAE 2011 have predominantly classified FCD into Type I, II and III (Blumcke et al., 2011). 

In brief, various histopathological findings include abnormal radial/tangential lamination of the 

neocortex (FCD Type I), disrupted cortical architecture and cytoarchitectural  abnormalities (FCD Type 

II), dysplasias associated with  adjacent causes of epilepsy (FCD Type III) including hippocampal 

sclerosis, tumors (e.g., glanglioglioma), vascular malformations (e.g., cavernomas), and/or with lesions 

acquired during early life. Other MCD conditions include polymicrogyria, schizencephaly, 

periventricular nodular hypertropia and hemimegalencephaly (Barkovich et al., 2012). In the same 

study, genetic classification of MCDs has also been covered in detail. Mesial temporal lobe epilepsy 

with hippocampal sclerosis (mTLE-HS) is also one of the most common types of focal epilepsy of the 

temporal lobe, often not responding to antiepileptic drugs (Téllez-Zenteno and Hernández-Ronquillo, 

2012). ILAE commission in 2004 reported in detail, a group of pathological conditions serving as 

minimal criteria for the diagnosis of TLE with HS (Wieser, 2004). In brief, these pathological conditions 

include neuronal loss and gliosis to variable degrees in hippocampal areas, changes in the glial cellular 
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organization, extrahippocampal pathology depicted at structures including amygdala and other mesial 

temporal lobe and/or white matter structures of temporal lobe.       

 

1.4. Magnetic resonance imaging in focal epilepsy 

 For over three decades, magnetic resonance imaging (MRI) has been consistently used in epilepsy, 

primarily for the detection of underlying structural abnormalities. MRI is widely available and often the 

primary non-invasive imaging modality of choice in epilepsy (Duncan, 2002). The main goal of MRI is 

to detect underlying pathologies including tumors, vascular lesions and also aid clinicians in formulating 

syndromes and etiologies (Berkovic et al., 1998). As a routine clinical practice, MRI image acquisition 

protocols include whole brain T1-weighted and T2-weighted sequences, with minimum slice thickness, 

which can be best supported by the scanner. Though there are several such guidelines, an official 

standard protocol has not been presented so far. However, it is recommended to have T1 volumetric 

acquisition (3D) with inversion recovery at an isotropic resolution of 1mm-1.5mm, facilitating image 

reconstruction in any planar direction (Cendes et al., 2016). Along with T1, T2 and T2-weighted fluid 

attenuation inversion recovery (FLAIR) sequences (<3mm slice thickness ) with at least 2 cut-plane 

orientations; axial and coronal, are also acquired in hippocampal angulation (Spencer, 2014). Using 

these sequences, already a wide range of focal epileptogenic lesions can be visually determined. For 

instance, qualitative assessment on T1 weighted MRI identified cortical thickening in 50-92% cases 

(FCD Type IIb), blurring of gray-white matter junction in 60-80% case, while a hyperintense T2 signal 

revealed in 46-92% of FCD lesions (Bernasconi et al., 2011; Blumcke et al., 2011). In patients with  

mTLE-HS, abnormal hippocampal atrophy with an increased T2 (or hypointense T1) signal can be 

qualitatively assessed (Cendes et al., 2016). These are certain distinct features, neuroradiologists look 

for in MRI images, as image biomarkers for focal epilepsy. Hence, MRI sequences, especially T1, T2 

and FLAIR are extremely helpful in the diagnosis of focal epilepsy. Apart from these sequences, 

diffusion weighted imaging (DWI), hemosiderin and calcification sensitive sequences, and contrast-

enhanced T1 sequences are also useful (Wellmer et al., 2013). Also development of new sequences such 

as magnetization prepared 2 rapid gradient echo (MP2RAGE) provide better tissue contrasts, in 

comparison to T1-weighted sequences (Marques et al., 2010). However, MP2RAGE diagnostic yield in 

focal epilepsy is yet to be validated. Apart from MRI, studies have also presented in detail, other popular 

imaging methods in epilepsy including PET; positron emission tomography, SPECT; single-photon 

emission computed tomography, MEG; magnetic encephalography, DTI; diffusion tensor imaging; 

fMRI and EEG; function imaging with electroencephalography (Cendes et al., 2016; Duncan, 1997; 

Kini et al., 2016).  
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1.4.1. Magnetic resonance imaging in cryptogenic focal epilepsy 

 In drug-resistant focal epilepsy, often surgical resection brings the best outcomes of a seizure free 

life (Wiebe et al., 2001). Better detection and localization of lesion on a preoperative MRI not only 

improves presurgical diagnosis, but can also increases seizure-freedom post-surgery. However, often 

MRI is unremarkable (or negative) in approximately half of focal epilepsy cases (McGonigal et al., 

2007). Further large cohort studies have shown that patients with a non-lesional MRI suffer from poor 

surgical outcomes (Tellez-Zenteno et al., 2010). But failure to identify lesions on an MRI, does not 

necessarily determine the patients to be non-lesional. For example, focal cortical dysplasia has been 

reported to be the most common pathology (43%-58% cases) in unremarkable MRI patients (Bien et al., 

2009; Wang et al., 2013). It should be appreciated that lesion detection significantly improved with 

advancements in MRI hardware systems from 1.5T to 3T (Knake et al., 2005). Yet, 50-80% FCD lesions 

escape visual detection (Besson et al., 2008).  Tassi et al., reported 34% histopathologically proven 

FCDs were visually detected on MRI, after re-evaluation, from previously MRI negative scans (Tassi et 

al., 2002). This shows that, with advanced MRI technology, it is also important to qualitatively assess 

these lesions through expert visual detection. Studies also demonstrate varied visual interpretation rates 

from non-expert to expert (39% to 50%) in detecting structural lesions on MRI (Von Oertzen et al., 

2002). Hence, the task of visually analyzing lesions presents us with a considerable variability among 

clinicians. Therefore, technical advancements in MRI are important, but may not always be sufficient 

in improving lesion detection. With the advent of computational methods for MRI post-processing, 

finding its potential in detecting lesions in this more challenging MRI negative cohort is crucial and 

highly valuable. Automated methods can aid in improving visual detection of lesions, thus increasing 

the diagnostic yield of present MRI systems in epilepsy. 

  

1.5. Computational methods in structural MRI post-processing 

 Computational methods  are gaining rapid prominence in identifying structural malformations in 

epilepsy. Most of these methods are developed to identify/detect pattern abnormalities such as gray-

white matter junction blurring, variable cortical thickening, sulcus and gyral patterns, and regions with 

hyperintensities (Kini et al., 2016). In epilepsy, over the last decade, voxel based morphomtery (VBM), 

has been one of the most widely used methods in detecting such structural malformations, especially 

abnormal gray matter. In brief, VBM uses a systematic approach, by which voxel-wise comparison of 

concentrations or volumes between two groups of brains can be facilitated (Ashburner and Friston, 

2000). The characteristic blurring of GM-WM junctions in FCDs has been most consistently identified 

among several methods, using MAP technique which generates junction maps (Huppertz et al., 2005). 

Junction maps are primarily used to isolate the voxels, which fall in between GM-WM intensities. 

Surface based morphometry (SBM) is also a common group of computational techniques used primarily 

to perform reconstruction and analysis of cortical surface. Most common surface based analysis (SBA) 

method in use is Freesurfer. It a very useful method to perform cortical surface analysis and  investigate 
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architectural attributes including cortical thickness, cortical and sub cortical volumes, and curvature 

properties (Dale et al., 1999).  

 

While these methods are predominantly used on high resolution T1-weighted images, computational 

methods can also be implemented on other MRI sequences. Apart from standard T1, voxel based 

intensity analysis methods also include the use of sequences such as T2, and FLAIR. in focal epilepsy. 

For instance, Focke et al., describes a novel voxel based intensity analysis similar to standard VBM, but 

using intensity normalized FLAIR images (Focke et al., 2008). House et al., describes the use junction 

maps, but derived from T1-weighted images (House et al., 2013). Methods including DTI, MR-

relaxometry, magnetization transfer imaging (MTI), support vector machines (SVM) also find their 

application in epilepsy and have been covered in detail, in epilepsy reviews of the past (Kini et al., 2016; 

Martin et al., 2015).  

 

1.6. Voxel-based morphometry (VBM)  

 VBM follows a systematic pipeline comprising several inter-dependent steps, to achieve 

visualization of structural differences, as the final output. Information of each step, its significance and 

method validation are presented in detail in the articles on VBM methods (Ashburner and Friston, 2000; 

Good et al., 2001). In brief, the processing steps include, 1. tissue segmentation; segmenting MRI images 

primarily into three tissue classes namely, gray matter (GM), white matter (WM), cerebrospinal fluid 

(CSF) using prior tissue probability information, 2. normalization; representing the classified tissues in 

a stereostatic space (common space) via tissue deformation, 3. smoothing; eliminating or attenuating 

tissue inhomogeneities and conforming images closer to normal distribution and 4. statistical 

comparisons; facilitating statistical tests to elevate significant differences. This method is available via 

a toolbox with statistical parametric mapping (SPM; www.fil.ion.ucl.ac.uk ). VBM is primarily 

implemented in focal epilepsy, based on T1 images, in detecting visually identified MCDs on MRI 

(Bonilha et al., 2006a; Colliot et al., 2006). Implementing VBM has resulted in detecting a vast majority 

of MRI-visible lesions.  

 

For lesional MRI cases, T1 VBM has yielded appreciable sensitivity in the range of 38%- 95% (Martin 

et al., 2015). Voxel based analysis of whole brain 3D FLAIR reported a sensitivity of 88% (22/25 cases) 

in detecting neuroradiologically proven FCDs. A voxel based analysis of junction maps based on T1 

showed a sensitivity of 84% in detecting proven FCD lesions (House et al., 2013; Huppertz et al., 2005). 

However, while considering the more challenging cohort of unremarkable (negative/non-lesional) MRI 

cases, voxel-based analysis has suffered from low detection. For instance, in a cohort of 13 TLE-HS 

patients, T1 VBM could not detect HS or cortical neuronal loss in these epilepsy patients (Eriksson et 

al., 2009). In one of the studies, T1 VBM could not detect any abnormalities in MRI negative children 

(14 cases)  with cryptogenic focal epilepsy, while VBM of FLAIR could only detect 14% (2 cases), 
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correlating with other clinical data on epileptogenic zone (Riney et al., 2012).  In another study of 70 

patients with refractory focal epilepsy, FLAIR VBM findings coincided with scalp video-EEG telemetry 

in only 11.4% cases (Focke et al., 2009).  Thereby, the overall detection rate of voxel-based analyses in 

MRI-negative cases is considerably low in comparison to lesional MRI cases, while using one of the 

sequences, either T1, T2 or FLAIR.  

 

We have seen that, VBM is a promising computational method and has been established in detecting 

structural abnormalities in known lesional MRI cases. However, its low detection rate in MRI-negative 

cases requires the need for systematic assessment, validation and methodological interventions in VBM 

processing steps/parameters. This would help in enhancing the diagnostic yield of VBM in ‘previously 

missed lesions via visual analysis of MRI images’. Hence, a systematic comparison of VBM, which 

includes comparison of MRI sequences and method parameters such as segmentation, smoothing, and 

statistical thresholds, is very essential. 

   

1.6.1. Performance enhancement of MRI post-processing using VBM 

 Unified segmentation was introduced in 2005 and has been incorporated in SPM software and 

subsequent versions. In brief, unified segmentation is a generative model which includes three processes 

namely, image registration, tissue classification and bias correction (Ashburner and Friston, 2005). 

Incorporating this segmentation method, multimodal segmentation can be performed in SPM. It was 

first incorporated in SPM8 via ‘new segment’. In theory, multimodal segmentation involves 

simultaneous inclusion of two or more co-registered image contrasts of the same subject to perform 

tissue classification. Recently, multispectral segmentation with addition of FLAIR contrast, has proved 

to be advantageous over T1 (Viviani et al., 2017b). The advantages include a better differentiation 

between GM and dura, and exclusion of vessels from GM. However, a detailed performance analysis 

based on T1, T2 and FLAIR for segmenting anatomical regions into GM, WM, and CSF and the best 

performing combination of these tissue contrasts is still unknown. Further, the applications of 

multimodal/multiple contrast based models in focal epilepsy are yet to be assessed. Also, with newer 

sequences such as MP2RAGE, promising a better differentiation of GM-WM boundaries in comparison 

to existing (Marques et al., 2010) sequences,  is yet to be validated through multimodal tissue 

classification approach, in focal epilepsy. 

 

Second, an important challenge in VBM for effective lesion detection is the choice of several 

parameters, of which two crucial parameters are smoothing and statistical threshold. The size of the 

smoothing kernel determines the number of voxels, which are averaged at each point. By conforming 

the image intensities closer to a Gaussian distribution, it contributes to reducing inter-subject variability 

(Good et al., 2001). While smoothing increases the sensitivity of the method by reducing inter-subject 

variability, excess smoothing can diminish subtle findings, which may be crucial in certain pathologies. 
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Further, while analyzing especially MRI-negative cases for structural abnormalities, these subtle 

changes, which can be overlooked in visual assessment, are very sensitive to the size of Gaussian kernel 

applied. In focal epilepsy, studies have used different smoothing Gaussian kernels, and an optimized 

smoothing strategy is still unknown (Huppertz et al., 2005; Keller and Roberts, 2008).  

 

Third, the choice of statistical threshold has a potential impact on VBM findings, and has remained 

empirical. Stricter threshold of p<0.05 family wise error correction (FWE) and liberal threshold of 

p<0.01 uncorrected, have drastically affected concordant findings in patients and false positive findings 

in controls (Martin et al., 2017). The choice of statistical thresholds does not necessarily affect a 

clinicians’ perspective towards lesions, which are clearly visible on MRI images. But, misinterpretation 

or over interpretation of VBM findings is a setback while assessing an MRI-negative cohort, questioning 

the reliability of the method. Studies in the past have used variable statistical thresholds and a systematic 

validation of these cut-offs are not mentioned (Bonilha et al., 2006a; Colliot et al., 2006; Huppertz et 

al., 2005; Keller and Roberts, 2008; Martin et al., 2017). Therefore, it is important to systematically 

compare the power of statistical thresholds, for striking a better trade-off between true positive findings 

in patients (sensitivity) and false-positive findings in controls (specificity). 

  

Hence, it is important to incorporate multispectral VBM methods based on a combination of different 

MR contrasts (sequences/images) and study their performance in epilepsy, but at variable spatial and 

statistical parameters. 

 

1.7. Motivation 

 The major goal of research is to deepen our understanding of an issue, which is considered to be of 

significant relevance to our lives. Epilepsy, being one of the most burdensome neurological conditions, 

has affected the functional performance of people suffering from it. However, with the advancements in 

science and technology, we are highly motivated in improving their lives. Also, this will help us 

contribute to the betterment of the society, we live in. Machines and their computational methods are 

slowly gaining applicability in medicine. Despite, they always provide to us, a plethora of scope for 

improvement to fill in the existential gaps between artificial intelligence and human intelligence. This 

scope serves as my philosophical motivation for research.  

 

Stating that, “automated computational methods help clinicians in improving their decisions in 

epilepsy”, is not an understatement. But, especially in the most popular methods; VBM, there still lies 

the task of a systematic assessment and validation of the techniques in epilepsy. I feel that the true 

potential of computational methods in aiding clinicians for diagnostic decisions is yet to be explored. 

This entire research aims at providing reliable automated results to clinicians, which can be referred to, 

while taking important presurgical diagnosis decisions. Especially, in focal epilepsy patients with 
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conventional normal MRI, through a series of research studies we aim at improving the performance of 

existing VBM methodologies. These motivations will not only increase the conversion of MRI-negative 

to MRI-positive patients, but also improve our understanding and diagnosis in epilepsy.  
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2. Summary  

 

My research contributions for this dissertation have been summarized into three publications (status 

being published (1), in press (1) and under preparation for submission (1)). The three studies namely 

Lindig et al., 2017 (published), Kotikalapudi et al, 2018 (in press) and Kotikalapudi et al. (under 

preparation for submission), systematically compare existing T1-weighted VBM (T1 VBM) with newer 

multispectral VBM variants based on T2-weighted sequences (T2 and FLAIR) and newer sequences 

mainly MP2RAGE. Most importantly, the systematic comparisons are also facilitated by the 

optimization of crucial spatial and statistical parameters in the VBM methods. Eventually, these 

comparisons lead to findings the diagnostic performance of the VBM variants in detecting structural 

brain abnormalities in patients diagnosed with focal epilepsy. 

  

2.1. Study I 

 In the first study (Lindig et al., 2017), we have systematically validated brain tissue segmentation 

approaches, which is the primary start point for voxel-based analysis (VBM). This was achieved by 

conducting a systematic validation and comparison of different segmentation approaches namely single-

channel and multispectral (-channel,-contrast, modal) segmentations using statistical parametric 

mapping (SPM12, https://www.fil.ion.ucl.ac.uk/). For this study, we recruited 92 healthy volunteers 

(controls), 5 patients with TLE-LHS (temporal lobe epilepsy with left hippocampal sclerosis) and 7 

patients with malformation of cortical development (MCD). 3D T1-weighted, T2-weighted and T2-

weighted FLAIR images were acquired at 3T Siemens MRI for all the subjects using the protocol 

mentioned in the published study (Lindig et al., 2017), with an isotopic resolution of 0.9mm3. Unified 

segmentation method (Ashburner and Friston, 2005) was implemented for single-channel T1 and 

multispectral combinations of T1+T2, T1+FLAIR, T2+FLAIR and T1+T2+FLAIR. Next, the 

segmentation approaches were validated for their effects on gray matter (GM), white matter (WM) and 

cerebrospinal fluid (CSF) tissue classification with respect to population age in the control cohort. Later, 

VBM was performed for all the 5 segmentation combinations and systematic comparisons were drawn 

commenting on quality of tissue segmentation. Finally, single-channel and multispectral VBM variants 

(models) were tested for their ability to identify epileptogenic lesions in a focal epilepsy patient 

population with visually identified lesional MRI cohort. All the computational findings were reviewed 

by two expert neuroradiologists with approximately 10 years of experience.  

Upon facilitating statistical comparisons between segmentation approaches to validate the group effects, 

we made various observations. Most importantly, we found that single-channel T1 segmentation 

misclassifies/overestimates dura (meninges) and blood vessels (mainly sagittal, transverse and sigmoid 

sinuses) as GM. This problem arises due to the isointensity of these tissues with GM, hence segmented 
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as GM. This problem is most readily solved with the addition of FLAIR channel to T1 i.e., T1+FLAIR. 

Primarily reason for addressing the overestimation of GM is the fact that vessels and dura are 

suppressed/attenuated by applying FLAIR sequences, and this effect is readily translated in multispectral 

segmentation approach. In the immediately mentioned study, they had similar findings addressing 

overestimation of vessels and dura with the application of MPRAGE+FLAIR-based multispectral 

segmentation. Also, for both single channel and multispectral segmentation approaches, we found that 

absolute volumes of GM decreased linearly with an increase in age. For this linear regression model, 

multispectral segmentation combination of T1+T2+FLAIR demonstrated the best goodness of fit. 

Similar results were also obtained for T1+FLAIR and T2+FLAIR. Hence, a comparison of different 

segmentation combinations for GM tissue classification not only helps in validating the models, but also 

gives us information regarding the model with the best fit, to be a superior segmentation approach. As 

a second validation step, we found that multispectral FLAIR based VBM variants, especially T1+FLAIR 

and T2+FLAIR showed improved lesion detection in patients with PM and MCD. Also, in the TLE-

LHS group, multispectral T1+T2 performed superior to existing T1 VBM. Please refer to our scientific 

article Lindig et al., 2017, for further details from this study.  

In brief, performance of multispectral VBM variants in comparison to existing single-channel T1 VBM 

in: 

1. Better classification brain tissue into GM, WM and CSF, 

2. Generating superior goodness of fit for the effects of tissue volumes with age, 

3. Improved detection of lesions in patients with MCD/TLE-HS, 

shows promise of testing multispectral VBM variants to detect subtle/occult malformations in the most 

challenging cohorts of MRI-negative focal epilepsy. This serves as the most important question, which 

was addressed in Study II.              

 

2.2. Study II 

In this study (Kotikalapudi et al., 2018), we have developed a novel approach for conducting a 

systematic comparison across single-channel T1 and multispectral VBM variants T1+T2, T1+FLAIR 

and T1+T2+FLAIR in detecting subtle epileptogenic brain morphologies in previously MRI-negative 

focal epilepsy cohort. For this study, we recruited 62 healthy controls and 13 patients diagnosed with 

focal epilepsy with a lobar clinical hypothesis of seizure onset, but normal (/negative) conventional 

MRI, upon visual review. VBM analysis for identifying gray matter concentration and volume changes 

were performed for all 4 variants. To address specificity of the VBM findings, each control was 

compared against the rest of the controls (control Cx in comparison versus 61Cx) at multiple smoothing 

levels, 4mm to 16mm and increasing statistical cutoffs 2.5 to 6. In a similar way, each patient (Px) was 

compared against all the controls (Px versus 62Cx) to test for the concordance of the findings with the 
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lobar hypothesis. Similarly, discordant findings (findings deferring from clinical hypothesis) were also 

analyzed in the patient population. The performance of VBM variants at each smoothing level was 

quantified by implementing receiver operating characteristic curve (ROC) analysis. All the automated 

findings were visually inspected by an expert neuroradiologist with 10 years of experience, and given 

clinical ratings on whether they held clinical relevance or not. For more details, also please refer to 

Kotikalapudi et al., 2018. 

We found that at higher smoothing levels, 12mm and liberal statistical cutoffs, 3.7, almost all VBM 

variants showed a balance between concordant findings, specificity and concordant to discordant ratio 

in patients. Most importantly, in automated VBM analysis and after visual review of VBM findings, we 

found that T1+FLAIR was superior amongst all VBM variants and when compared to single-channel 

T1 VBM. One of the main reasons behind this effect was the superior segmentation of potentially 

epileptogenic lesions as GM, by the addition of mainly FLAIR channel to existing T1. The performance 

of FLAIR based voxel analysis is in line with several studies in MRI negative focal epilepsy (Focke et 

al., 2009, Riney et al., 2012). Most importantly, we found that superior tissue segmentation for 

multispectral VBM variants (Study I-section 2.1) was responsible for the better performance of such 

models (T1+FLAIR) in detecting subtle abnormalities in MRI-negative focal epilepsy.      

In the past, limited literatures have reviewed systematic comparison and optimization of VBM methods 

in improving lesion detection in focal epilepsy (Martin et al., 2017). Our study can serve as a basic 

strategy approach in assessing the reliability of VBM findings, when presented with a reasonable 

specificity. Without a good balance between sensitivity and specificity, these findings can be easily mis-

/over-interpreted, when talking of subtle morphological differences in brain tissues. Also, through this 

study, we show that multispectral VBM can be a potential upgrade over existing T1 VBM methods. 

However, these findings should be considered in the presurgical evaluation of epilepsy only after a 

careful review by clinicians.            

T1-based multispectral VBM variants are valuable in improving clinically relevant information in focal 

epilepsy. But, especially at higher static magnetic field strengths ≥3T, 7T and 9.4T, T1 and T2-weighted 

sequences suffer from radio-frequency field inhomogeneities. In such critical scenarios, careful 

evaluation of newer VBM models utilizing self-bias corrected sequences mainly MP2RAGE 

(Magnetization Prepared 2 Rapid Gradient Echo) becomes highly important. Exploration of 

MP2RAGE-based VBM approach in focal epilepsy, by implementing the optimized VBM model from 

this study (II) serves as the main aim for study III.   

 

2.3. Study III 

In Study II we optimized VBM analysis for single-channel as well as multispectral combinations, 

mainly dealing with T1-, T2-, and FLAIR-weighted images. To continue further, we assessed the 

performance of self-bias correcting sequence, MP2RAGE in brain tissue classification. Next, 
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multispectral VBM variants of MP2RAGE, such as MP2+INV1 and MP2+INV2 were also tested and 

their effect in detecting subtle/hidden epileptogenic abnormalities was quantified. Comparisons were 

also drawn with existing T1 and recent T1+FLAIR VBM methods in focal epilepsy. Further details 

especially on MP2RAGE based combinations and their performance in focal epilepsy, have been out in 

details in Kotikalapudi et al., which is in preparation for submission.  

For this study, we recruited 31 healthy volunteers and 21 patients with focal epilepsy (5 with visible 

lesions and 16 MRI-negative). Implementing the methodological designs from study I and study II, we 

systematically compared the tissue segmentations and performance of MP2RAGAE VBM variants with 

existing T1 and T1+FLAIR methods in focal epilepsy. We found several advantages for the MP2RAGE 

based combinations such as MP2+INV1 and MP2+INV2. These immediately mentioned combinations 

can be used especially to enhance tissue segmentation process in cortical and subcortical GM areas. Also 

while comparing the performances of VBM variants, we found a superiority in MP2RAGE based VBM 

variants in detecting subtle epileptogenic lesions, definitely in comparison to most commonly used 

single-channel T1 VBM.  

In conclusion, we find that MP2RAGE-based multispectral VBM variants are highly useful in lesion 

detection at 3T. They also hold additional advantage of self-bias correction at higher static magnetic 

field-strengths ≥7T/9.4T. 

 

 

 

 

 

 

 

 

3. My contributions to scientific publications 

 

In this section, my contributions to this thesis, in terms of scientific articles have been provided. 
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4.3. Study III (in preparation for submission) 
 

Abstract 

Purpose 

MP2RAGE (Magnetization Prepared 2 Rapid Gradient Echo) is a new, semi-quantitative MRI sequence 

with good grey/white contrast and less susceptibility to image bias. Both properties could have the 

potential to improve lesion detection in focal epilepsy, particularly in the context of post-processing like 

VBM (voxel-based morphometry) in patients with a normal conventional MRI (MRI-negative). 

MP2RAGE is based on a modified MPRAGE sequence measured at two different inversion times (INV1 

and INV2). In this study, we aim to compare the tissue segmentation quality of MP2 and its multispectral 

combinations; mainly MP2+INV1 and MP2+INV2 with existing T1 (MPRAGE) and T1+FLAIR 

approaches. Most important, we systematically evaluated the diagnostic performance at variable 

smoothing levels and statistical cutoffs in detecting GM structural abnormalities in previously MRI-

negative focal epilepsy patients. 

 

Patients and methods 

We recruited 31 healthy controls at 21 patients with focal epilepsy (n =5 with known lesion; n = 16 with 

MRI-negative focal epilepsy diagnosis). 3D T1-, T2-weighted FLAIR and MP2RAGE images were 

acquired on Magnetom Prisma, Siemens 3T scanner, with a 64 head-channel and 1mm3 of voxel-

resolution. VBM was performed for single-channel T1, MP2 and for multispectral combinations. Effects 

of tissue segmentation for GM (gray matter), WM (white matter) and CSF (cerebrospinal fluid) were 

analyzed amongst all combinations in healthy controls. Individual patient abnormalities were analyzed 

across single-channel and multispectral VBM variants, at variable smoothing levels (4mm to 16mm, 

step size = 2) and statistical cutoffs (2.5 to 6, step-size = 0.1).  

 

Results 

We found that MP2 alone gave better delineation of deep, subcortical nuclei but was prone to 

misclassification of dura/vessels as grey matter, even more than with conventional T1. The addition of 

multispectral combinations (INV1, INV2 or FLAIR) could markedly reduce this effect. MP2+INV1 

yielded generally thinner GM segmentation allowing better differentiation of white matter and 

neighboring gyri. For the lesion detection in MRI-positive epilepsy patients, all the VBM models 

showed good sensitivity between 80-100%, except for INV1+INV2 (60%). In the most challenging 

previously MRI-negative cases, MP2+INV1 was found as the best amongst all models with a concordant 

rate of  37.5%,  specificity of 51.6% and concordant to discordant ratio of 0.60  at a smoothing level of 

14mm and statistical cutoff of 3.3. This was generally better than T1 alone (concordant rate 18.8%, 

specificity 35.5%, concordant to discordant ratio 0.27) and T1+FLAIR (concordant rate 25.0%, 

specificity 35.5%, concordant to discordant ratio 0.57).  
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Conclusion 

We found that VBM of MP2RAGE, especially with multispectral combinations of INV1 and INV2, 

have tissue segmentation advantages over conventional T1-based methods. MP2+INV1 VBM performs 

superior to conventional VBM variants in detecting epileptogenic abnormalities in previously MRI-

negative patients, even compared to the currently best standard of T1+FLAIR. Additionally, MP2RAGE 

has the advantage to be available at magnetic field strengths ≥3T. 

 

Keywords 

MP2RAGE, VBM, segmentation, focal epilepsy, focal cortical dysplasia, MRI-negative, smoothing, 

statistical cutoff, image processing 

 

 
Introduction 

Focal epilepsy constitutes approximately 60% of all epilepsies (Rosenow and Lüders, 2001), 

and is characterized by ‘focal onset’, i.e., seizures originating in a local brain region (Scheffer et al., 

2017). About 30% of focal epilepsy patients experience disabling seizures medically refractory/resistant 

to anticonvulsants  (Kwan and Brodie, 2000). For these patients epilepsy surgery can be very beneficial, 

provided a resectable, focal area of seizure onset is identifiable (Wiebe et al., 2001). Before surgery in 

these patients, a presurgical evaluation is conducted, which includes brain MRI as important modality 

(Duncan, 1997). Cortical malformations, mainly focal cortical dysplasias (FCD), are one of the main 

causes associated with refractory focal epilepsy that are identifiable in MRI. Typical imaging features 

are blurred gray-white matter (GM-WM) junctions, cortical thinning/thickening and hypo- or 

hyperintense MR signal (Blumcke et al., 2011). However, a relevant proportion of lesions escape visual 

detection. Approximately half (30-50%) of patients undergoing surgery without MRI visible lesion 

eventually have cortical dysplasia / FCD upon histological investigations (Bernasconi et al., 2011; Wang 

et al., 2013). Potential reasons for missing an FCD are their subtlety and, at times, small size as well as 

variable location. Hence, such scans are mostly considered as normal MRI (MRI-negative patients). 

Consequently, patients have worse surgical outcomes compared to cases with visibly known/proven 

lesions on MRI (Tellez-Zenteno et al., 2010). In those patients, neuro-computational methods are shown 

to be helpful in detecting subtle lesions, previously missed upon visual analysis (Kotikalapudi et al., 

2018; Martin et al., 2015; Martin et al., 2017).  

 

Voxel-based morphometry (VBM) is a well established method for computer-aided, volumetric MRI 

processing (Ashburner and Friston, 2000). Usually applied on T1 images (T1 VBM), it can successfully 

detect local GM concentration/volume changes in patients with lesional focal epilepsy (Bonilha et al., 

2006b; Colliot et al., 2006; Martin et al., 2015). VBM is based on tissue segmentation, where the brain 

is classified into three main tissue categories, namely: gray matter (GM), white matter (WM) and 
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cerebrospinal fluid (CSF) (Ashburner and Friston, 2005). MRI technical factors (e.g. image bias) 

directly impact on the quality of tissue segmentation and influence the VBM process (Focke et al., 2011). 

Improved tissue segmentation can be achieved through combining multimodal (-spectral) MRI contrasts 

in the segmentation process (Alfano et al., 1997; Ashburner and Friston, 1997; Ashburner and Friston, 

2005; Fletcher et al., 1993; Lambert et al., 2013; Vannier et al., 1985). Recent studies confirmed 

superiority of multispectral over conventional T1-onls segmentation by addressing issues such as 

overestimation of dura and vessels as GM and also improve cortical GM segmentation (Lindig et al., 

2017; Viviani et al., 2017a; Viviani et al., 2017b). With the addition of T2/T2-FLAIR weighted, VBM 

variants (T1+FLAIR, T1+T2) have also shown improved lesion detection over existing T1 VBM, in 

both lesional and non-lesional MRI  focal epilepsy (Kotikalapudi et al., 2018; Lindig et al., 2017).  

 

Particularly at higher field strengths of ≥ 3T, image bias due to static magnetic (B0) and radio-frequency 

field (transmission; B1+ and reception; B1-) inhomogeneities is problematic for segmentation algorithms 

(Focke et al., 2011). Marques et al., addressed this issue by developing MP2RAGE (Magnetization 

Prepared 2 Rapid Acquisition Gradient-Echo) sequence, which yields T1-weighted images that are, at 

least partially, corrected for image bias intrinsically (Marques et al., 2010). This is achieved by 

combining two images acquired at different inversion times (TI1; heavily T1-weighted or INV1, TI2; 

heavily proton density-weighted or INV2), interleaved in one sequence to calculate the MP2RAGE. The 

resultant images show enhanced contrast-to-noise ratio; (especially GM-WM contrast), independent of 

T2
*, proton density, B1- and reduced B1+ inhomogeneities. Newer studies have shown promise of 

MP2RAGE in improving visualization of lesions (Beck et al., 2018; Pittau et al., 2018). Moreover, 

reduced intensity inhomogenities should also improve tissue segmentation which facilitates VBM 

analysis for lesion detection (Ashburner and Friston, 2005). However, MP2RAGE and the multispectral 

MP2RAGE variants have not been systematically analyzed for detecting subtle epileptogenic lesions in 

a VBM approach. Moreover, it was previously shown that the performance of lesion detections depend 

critically on the choice of smoothing and statistical thresholds or t-scores (Kotikalapudi et al., 2018; 

Martin et al., 2017). The ideal parameters for an MP2RAGE VBM are yet unclear.  

  

Hence, the major aim of this study is to explore applications of MP2RAGE based VBM analyses in 

previously MRI negative focal epilepsy patients. To achieve this, at first we systematically compared 

the different MP2RAGE based multispectral combinations with existing T1 and T1+FLAIR approaches, 

in a healthy control cohort. Subsequently, we analyzed the diagnostic performance of single-channel 

T1, MP2RAGE and multispectral variants at multiple smoothing levels and statistical thresholds, in 

patients and controls. These results should clarify if MP2RAGE VBM is capable of detecting 

epileptogenic lesions in focal epilepsy patients with negative conventional MRI and how this approach 

would compare to conventional T1 and T1+FLAIR VBM. 
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Methods  
Data acquisition 

We recruited 31 healthy controls (NC; 14 females, mean age=28.4) and 21 patients (NP; 7 

females, mean age=31.5) with focal epilepsy. Five of the focal epilepsy patients had a visible lesion 

concordant with malformation of cortical development (MCD). Sixteen patients were labelled as MRI-

negative on expert neuroradiology review. All patients had undergone comprehensive presurgical 

diagnostics including non-invasive video-EEG telemetry, epilepsy-dedicated 3T-MRI and 

neuropsychological assessment.  

Three patients in MCD group have undergone invasive EEG and three patients  have been 

surgically resected with histology showing evidence for FCD Type II b in two patients. For the MRI-

negative patient group, invasive EEG was performed in three patients. So far, None in this group have 

been surgically resected. Clinical details of patients are summarized in supplementary table 1. A clinical 

lobar hypothesis of epilepsy onset was derived through expert consensus in the epilepsy case conference 

with all available information in the presurgical epilepsy program. VBM findings analyzed in this study 

were not considered for forming the clinical hypothesis. 

 

Imaging data was acquired on 3T Magnetom Prisma, Siemens MRI at the University Hospital Tübingen, 

Germany. The acquisition protocol consisted of 3D T1-weighted Magnetization-Prepared Rapid 

Gradient-Echo; MPRAGE (TE=2.98ms, TR=2300ms, TI=900, flip angle=9°), a 3D T2-weighted 

Sampling Perfection with Application optimized Contrasts using different flip angle Evolution-Fluid-

Attenuated Inversion Recovery; SPACE-FLAIR (TE=388ms, TR=5000ms, TI=1800ms, flip 

angle=120°) and a 3D T1-weighted Magnetization-Prepared 2 Rapid Gradient-Echo; MP2RAGE; 

(INV1; TI1=700 ms, flip angle=4° and INV2; TI2=2500ms, flip angle=5°; TE=2.98ms, TR=5000ms) 

using a 64 channel head coil with an isotropic resolution of 1mm3. Subjects were considered for image 

post-processing steps only when T1, FLAIR and MP2RAGE images were available and did not have 

relevant artifacts (motion in particular) in the visual quality control. All datasets/subjects passed this 

condition. 

 

Image processing 

All DICOM images were converted to NIFTI file format using mriconvert 

(http://www.lcni.uoregon.edu/~jolinda/MRIConvert). SPM12 (www.fil.ion.ucl.ac.uk) based on 

MATLAB R2016a (The Math Works, Natick, MA) was used for image processing. MP2 images were 

reconstructed and readily available from the scanner, whish uses the following equation for 

reconstruction: 

MP2 =
INV1∗	INV2

|INV1|" + |INV2|"
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Detailed mathematical calculations and equations for MP2 image reconstruction are explained in other 

studies (Marques et al., 2010). 

 

VBM was performed for single-channel T1, MP2 and multispectral combinations, namely: T1+FLAIR, 

MP2+FLAIR, MP2+INV1, MP2+INV2 and INV1+INV2. For multispectral combinations, co-

registration was performed using a normalized mutual cost function. For co-registration, reference 

images were T1 (in T1+FLAIR), MP2 (in MP2+FLAIR, MP2+INV1 and MP2+INV2), and INV1 (in 

INV1+INV2), whereas the latter images in the combinations served as the source images. Unified 

segmentation (Ashburner and Friston, 2005) was applied with default settings of bias regularization; 

0.0001 and bias cutoff; FWHM 60mm.  Next, gray matter (GM), white matter (WM) and cerebrospinal 

fluid (CSF) tissue probability maps were spatially normalized with an isotropic resolution of 1mm3 using 

DARTEL, based on the respective native space GM and WM maps and building a custom template in 

MNI space for each multispectral combination (Ashburner, 2007). During the normalization process, 

images were modulated to preserve tissue quantity (in case of group level analysis) and unmodulated 

images to preserve tissue concentration (in case of individual subject versus group analysis) (Good et 

al., 2001). As a final step, images were smoothed using Gaussian kernel sizes; 4mm to 16mm (step size 

of 2mm) full width at half maximum (FWHM). 

 

Comparisons for absolute tissue volumes 

Native segmented GM, WM and CSF were used to calculate the tissue volumes for healthy 

controls across segmentation models. For this purpose, voxel values (ranging from 0 to 1) were summed 

and multiple with the voxel volume (1mm3) to yield a tissue class specific volume. To estimate the total 

intracranial volume (TIV), the absolute volumes of GM, WM and CSF were added. To assess significant 

differences in segmentation models, one-way repeated measures ANOVA with adjustment for multiple 

comparison(Bonferroni), was conducted in SPSS (IBM SPSS Statistics 22), similar to our previous study 

on multispectral segmentation (Lindig et al., 2017). 

 

Voxel-based comparison of multispectral variants 

Smooth normalize modulated GM, WM and CSF images of healthy controls were used to 

perform group comparisons across different segmentation models. T1+FLAIR segmentation was used 

as a reference, since this had the best overall segmentation quality in our previous work (Lindig et al., 

2017). Each multispectral combination was then compared against T1+FLAIR using a paired t-test in 

SPM, at 4mm smoothing and a statistical threshold of p<0.05 FWE; (family wise error). 

 

In the individual analysis, we compared each patient against all controls (patient comparison) and each 

control against the rest of the controls (after removing the control in question; control comparison) in 
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SPM12 using statistical cutoffs from 2.5-6 (step size of 0.1). This analysis was repeated for all 

smoothing levels (4mm-16mm; step size of 2).  

 

Automated individual lobar analysis 

We used the MNI structural lobar atlas provided with FSL version 5.0 (Collins et al., 1995; 

Mazziotta et al., 2001), for automated analysis. The atlas comprised of bilateral lobes for frontal, 

parietal, temporal and occipital.  We extracted lobar regions-of-interest from the atlas, which were the 

lobes of clinical hypothesis (please refer hypothesis lobes from supplementary table 2), for each patient. 

These lobes were considered as ‘concordant lobes’, i.e. concordant to the clinical hypothesis, while non-

concordant lobes (remaining lobes) were labelled ‘discordant lobes’ individually for each patient. Since 

we do not expect controls to have epileptogenic findings, all lobes (bilateral: frontal, temporal, parietal 

and occipital lobes) were defined as discordant lobes, in case of all controls.  

 

Performance parameters 

Concordant rate; CR (or discordant rate; DR) was calculated for patients as the percentage ratio 

of number of patients with at least 1/3rd of voxels in a VBM cluster overlapping with  concordant lobe 

(or discordant lobe) to the total number of patients; 

C# = -
N$%&
N'

. × 100 

D# = -
N()*
N'

. × 100 

Specificity was defined as the percentage ratio of controls with no VBM findings to total number of 

controls (findings with less than 1/3rd of voxels inside the brain were considered as no finding); 

S' = -
N&+
N$

. × 100 

where, NCON represents number of patients with concordant findings, NDIS refers to number of patients 

with discordant findings and NNF refers to number of controls with no findings. CR, DR and SP were 

calculated for each smoothing levels; 4mm-16mm, across statistical cutoffs; 2.5-6, for all VBM models.   

 

 Estimating smoothing and T-threshold 

To estimate the ideal smoothing level, we considered the single-channel MP2 VBM findings as 

our point of reference. Further, for every smoothing level, receiver operating characteristic (ROC) curve 

plots were generated with CR and 100-SP (false positive rate; FPR) values across statistical cutoffs. Later, 

the area under the ROC curve (AUC) was calculated using a trapezoidal integration function in 

MATLAB. The smoothing level resulting in the highest AUC in single-channel MP2 VBM was 

subsequently used as the reference to determine the optimal T-threshold; a statistical cutoff value giving 

a balanced trade-off between CR and SP. For this purpose, CR and SP values (at the selected smoothing 

level) were plotted for statistical cutoffs from T>2.5-6. The cutoff where CR-SP was least, but still 
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positive, was considered as the optimal T-threshold. Incorporating the estimated smoothing and T-

threshold, CR, DR and SP values were reported for VBM variants. Finally, the Euclidean distance (ED) 

was calculated as the distance between (CR, SP) and CR=100, SP=100 i.e., (100, 100);  

ED = 4(100 − S')" + (100 − C#)" 

The VBM variant with minimum ED was considered as the best VBM method. To further validate the 

selected smoothing level and T-threshold, we additionally applied these parameters to patients with 

visible epileptogenic lesions (suspected MCDs; n = 5).  

 

Visual Interpretation 

Visual cross-verification of VBM findings was done by one certified neuroradiologist with 10 

years of experience. For group level analysis, structural differences were visually interpreted on native 

space across individual subjects, to assess if the VBM differences were evident on the native tissue 

maps. For individual level analysis, at the estimated smoothing level and T-threshold for each subject, 

the VBM findings across models were combined and inverse transformed to native space using the 

deformation utility in SPM12. These native combined VBM findings were smoothed with 1mm 

Gaussian kernel and were provided to the reviewer for scoring overlayed on T1, FLAIR and MP2 

images, using in-house software written in MATLAB. The reviewer was blinded towards the clinical 

hypothesis. The reviewer visually interpreted the patient VBM findings and gave scores from 1: visible 

and potentially epileptogenic, 2: non-visible but potentially epileptogenic, 3: visible and likely non-

epileptogenic, 4: unclear/non-visible or 5: artifact. For controls, each finding was rated as either 1: 

visible and likely non-epileptogenic, 2: unclear/non-visible or 3: artifact. The non-epileptogenic label 

was given when finding was visible on one/more structural images but was not likely related to epilepsy 

(e.g. perivascular spaces or microangiopathy). Unclear labels were used whenever the findings were not 

clearly visible to be confirmed as either epileptogenic, non-epileptogenic or as an artifact.  

 

Results  

Group level differences across segmentation models 

We found significant differences among segmentation combinations for absolute volumes of 

GM, WM, CSF and TIV (figure 1), that were significantly different across segmentation methods (one-

way repeated measures ANOVA); GM (p<0.05), WM (p < 0.05), CSF (p<0.05) and TIV (p < 0.05) 

(supplementary table 2). The voxel-based group level comparisons in healthy subjects using a paired t-

test (p<0.05 FWE) for different VBM combinations are presented in figure 2 (and compare 

supplementary figures 1-5). These results were also qualitatively confirmed through visual inspection 

of individual subject segmentations in native space (figure 3, supplementary figures 6-8). First, upon 

visual inspection on native images, we found that the meninges and venous sinuses (straight, transverse 

and sigmoid) were mostly overestimated as GM by T1, MP2 and INV1+INV2 (figure 3A). Additionally, 

for single-channel MP2, there was also misclassification of meninges to GM in the frontal pole, superior, 
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middle and inferior temporal gyrus (figure 3B). With the addition of FLAIR, misclassifying these 

structures to GM was clearly reduced. Addition of INV1 and INV2 to MP2 also resolves the 

misclassification of meninges to GM, most apparent in the temporal gyrus and the occipital lobe (figure 

3A-B). However, MP2+FLAIR/INV1/INV2 combinations segmented meninges and vessels as CSF 

tissue class (supplementary figure 8). We also observed that the cortical ribbon was segmented 

consistently thinner in MP2+INV1 when compared to rest of approaches. In fact, MP2+INV1 showed a 

clearer GM-WM and GM-CSF separation upon qualitative inspection (figure 3B, supplementary figure 

6) with GM probability≥0.75-1.0. (figure 3B). Furthermore, in comparison to T1+FLAIR, except 

MP2+INV1, all segmentations classified parts of thalamus and mainly posterior putamen as GM. But, 

upon visual inspection, none of the models completely segmented thalamus as GM. However, better 

segmentation results were achieved by MP2, MP+INV2 and INV1+INV2, also in comparison to T1 

(figure 3C, supplementary figures 3-5). Furthermore, MP2 along with its combination variants from 

FLAIR/INV2 and INV1+INV2 displayed a better segmentation of posterior putamen as GM with 

probability ≥ 0.75-1.0 (figure 3C). In fact, a major difference between T1+FLAIR, MP2+FLAIR and 

MP2+INV2 was in subcortical segmentation of parts of basal ganglia (figure 2, figure 3 supplementary 

figure 1-5). Otherwise, these three combinations are mostly similar to each other. MP2+INV1 mostly 

misclassified these structures as WM. Also the rest of the models including T1+FLAIR misclassified 

portions of thalamus, putamen and majority of globus pallidus as WM. Finally, we found that 

INV1+INV2 yielded high GM probabilities (≥0.5-1) for the brain stem including portions of the mid 

brain and medulla in comparison to all segmentation approaches (figure 2, figure 3D, supplementary 

figure 6). Pons was partially segmented as GM by INV1+INV2. MP2 and its combination with INV2 

showed increased GM volumes in the pons (figure 2) for group comparisons at (p<0.05 FWE). However, 

visual analysis revealed that a majority of brainstem was classified as WM by all other approaches 

(figure 3D). 

 

Individual VBM based on MP2 and multispectral variants in focal epilepsy 

The best performing smoothing level with single-channel MP2 VBM as the reference method 

was found at 14mm, (AUC = 0.24, figure 4A, 4C and supplementary table 3). At this smoothing level, 

MP2+INV1 had the highest AUC (0.38) amongst all models. For 14mm, we found the optimal T-

threshold at 3.3 (figure 4B).   

 

 

 

Results at smoothing: 14mm and T-threshold: 3.3 

While incorporating the spatial and statistical parameters, we validated the generated smoothing 

and statistical cutoff using patients with known lesions. For 14mm smoothing and 3.3 T-threshold, we 

found a sensitivity between 60-100% across all models (table 4), where MP2+FLAIR was highest with 
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100%, INV1+INV2 lowest with 60%. The results of automated VBM and visual analysis in MRI-

negative cohort are summarized in tables 1-3. In the automated, lobar-based VBM analysis, MP2+INV1 

was the best VBM variant with ED = 66.4 and CR = 62.5, SP = 45.2 and CR/DR = 0.67 (figure 4D, table 

1). When visually verifying the VBM findings, MP2+INV1 (ED = 79.0) was also found to be the best 

diagnostic model, with CR = 37.5, SP = 51.6 and CR/DR = 0.60 (table 1, more details in table 2). The 

corrected specificity after visual analysis in controls increased from 19.4-45.2 to 35.5-54.8% (table 1, 

more details in table 3). However, concordant rate decreased from 31.3-68.8% to 6.3.-37.5% and 

discordant rate decreased from 56.3-93.8% to 18.8-68.8% (table 1). The percentage of non-visible 

findings in controls was in the range of 45.2-64.5, and in patients was 56.3-93.8% (table 3). For single-

channel T1 and T1+FLAIR VBM variants, the best VBM results were found for T1+FLAIR, with ED 

83.5 (T1; ED = 91.7), CR = 68.8% (T1; 56.3%), SP = 22.6% (T1; 19.4%) and CR/DR = 0.85 (0.64) (table 

1). After visual inspection, T1+FLAIR was still better than T1 with ED 99.0 (T1; ED = 103.7), CR = 

25.0% (T1; 18.8%), SP = 35.5% (T1; 35.5%) and CR/DR = 0.57 (0.27) (table 1, more details in table 2 

and table 3).     

 
Discussion 

In this study, we have systematically compared the MP2RAGE based segmentation 

combinations with existing segmentation approaches; T1 and T1+FLAIR. We found that MP2 with a 

combination of INV1 (MP2+INV1), showed a thinner cortical ribbon segmentation with a better 

separation between CSF-GM and GM-WM, in comparison to rest of the single-channel and 

multispectral combinations. MP2 with INV2 provides better subcortical segmentation of thalamus, basal 

ganglia and mostly prevents misclassification of vessels and dura as GM. Most importantly, in MRI-

negative focal epilepsy cohort  MP2+INV1 also yielded best results with concordant rate; 37.5%, 

specificity; 51.6% and concordant to discordant ratio; 0.60. In the group of visibly identifiable lesions, 

MP2+INV1 also had a good sensitivity of 80%. 

 

Differences among MP2 and its multispectral combinations 

We found that the absolute GM volumes were significantly higher in both single-channels; T1 

(55ml) and MP2 (161ml), with respect to T1+FLAIR. One important reason is the 

misclassification/overestimation of dura and vessel sinuses as gray matter, by single-channel 

segmentation methods. The overestimation is mainly due to the close proximity and similarity in signal 

intensity of these structures to the cortex (Lindig et al., 2017; Viviani et al., 2017a). The addition of 

FLAIR did resolve this misclassification both for T1 and MP2 channel. Combinations of MP2 with 

INV1 or INV2 also showed a similar effect of attenuating dura/vessels from GM, thus addressing this 

misclassification. Second, we found that MP2RAGE variant MP2+INV1 produced significantly lower 

amounts of GM volumes (71.9ml) in comparison to T1+FLAIR and all the other segmentation methods 

(96.1-233ml). Upon visual inspection, we also observe a thinner but more accurate GM segmentation 
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using MP2+INV1 for the cortical ribbon, in comparison to the rest (figure 3A-B). One reason for this 

effect can be a clear cortical delineation exhibited by INV1 images (figure 3B), in comparison to rest of 

the sequences. The clearer cortical delineation can be due to the consistent dark rim separating the 

probable WM from the cortex in INV1 images (figure 3B). A recent study has shown similar dark rim 

effect via null point imaging; NPI preferably using TI of 500ms (Pitiot et al., 2007). These dark rim 

voxels exhibit partial volume effects, where GM and WM have similar modulus for longitudinal 

magnetization, but in different directions, hence creating this dark ribbon. Hence, including INV1 

simultaneously with MP2 improves the segmentation of gyrus surrounding the WM. Third, in 

comparison to all segmentation combinations, MP2 and MP2 combinations; MP2+INV2 and 

MP2+FLAIR, also INV1+INV2 showed a superior subcortical segmentation of thalamus and posterior 

putamen. This is in line with a recent study where MP2RAGE yielded greater reproducibility of GM in 

thalamus and putamen, when compared with T1 (Okubo et al., 2016; Streitbürger et al., 2014), attributed 

to better contrast and signal to noise ratio for MP2RAGE in the subcortical structures. This is mainly 

responsible for significantly higher GM volumes (24.2-31.1 ml) in MP2+INV2 and MP2+FLAIR in 

comparison with to T1+FLAIR. 

 

VBM in focal epilepsy 

Smoothing and statistical cutoffs 

We have previously shown that the selection of smoothing (12mm with T1 as reference) as well 

as statistical threshold (t-score = 3.7) affected the detection rates in MRI negative cohort (Kotikalapudi 

et al., 2018). Our results suggest that a smoothing of 14mm at a liberal T-threshold of 3.3, gave the 

optimal trade-off between specificity and concordant rate for the MP2 contrast. In this case, these 

parameters can differ for different VBM variants, but to facilitate a systematic comparison between 

models, MP2 was taken as a reference point.   This is in line with our previous study, where increased 

smoothing level is compensated with decreased T-threshold (Kotikalapudi et al., 2018).  The worst 

performance was found at 4mm smoothing, reflected by minimal AUC across all models. This is also 

line with a previous study on single patient comparisons, which shows that reducing kernel size to 4mm 

or 8mm reduces experimental design robustness and results are prone to more false positives 

(Kotikalapudi et al., 2018; Salmond et al., 2002). In the same study, 12mm smoothing was suggested 

for single patient comparisons. This is closer to our obtained smoothing of 14mm and the difference in 

performance from 12mm to 14mm in our study is only 0.01 in terms of AUC (supplementary table 3), 

for MP2. So, a smoothing of 12mm could have also been considered, but at a higher statistical cutoff of 

4.2 to get comparable results (supplementary figure 9). As a step of validation for the obtained 

parameters, we found the expected VBM sensitivity especially for patients with visible lesions within 

60-100%, which is in line with previous studies based on lesional cohorts (Lindig et al., 2017; Martin et 

al., 2015). Various factors such as sequences used for reference (MP2 in our study), processing steps 

including voxel resolution (1mm3 in our study) for normalization, methods of normalization (DARTEL 
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in our study) and nature of disorder (focal epilepsy with subtle/occult lesions in our study) could lead to 

different choices of smoothing and statistical cutoffs. Nevertheless, our results could provide guidance 

in maximizing (concordant rate or specificity) the performance of VBM models at a range of smoothing 

levels and statistical cutoffs (supplementary figure 9-10). 

 

Visual interpretation of VBM findings 

It can be expected that visual interpretation improves specificity of results, by eliminating false 

positive findings through expert knowledge. As predicted, in our study, post the visual analysis, 

specificity across models was higher, but also resulting in a decreased concordant rate (please refer 

results, mainly table 1-3), which is in line with previous studies (Kotikalapudi et al., 2018; Martin et al., 

2017; Riney et al., 2012; Wang et al., 2015). Second, the range of non-visible findings in patients was 

slightly higher than that of controls (table 3). To some extent, higher number of non-visible findings in 

patients compared to controls can also point towards a clinical relevance of these findings. Thus, further 

investigations in this patient cohort may be pursued. The automated VBM process also had relevant 

number of discordant finding; 56.3%-93.8%, which reduced to 18.8%-62.5%, after the visual analysis. 

The most important part of our study is addressing the concordant findings, which are supported by 

clinical hypothesis. However, it should be noted that clinical hypothesis was based on non-invasive data 

in most patients, which is limited by propagating of seizure activity (Alarcon et al., 2001; Spencer et al., 

1985). Hence, the discordant findings may still hold clinical significance, though this cannot be resolved 

at this point due. It can also be true that some of these patients might have multi-focal lesions. Also, in 

line with a recent study on comparisons between T1 and T1+FLAIR VBM in non-lesional epilepsy 

cohort, we obtained similar results showing superiority of the T1+FLAIR over T1 VBM approach in 

terms of concordant rate, specificity and concordant to discordant ratios (table 1-3) (Kotikalapudi et al., 

2018).   

 

Diagnostic significance of MP2 and multispectral MP2 combinations 

In a recent qualitative assessment in lesional epilepsy cases at 7T, epileptogenic characteristics 

(cortical thickening, cortical-subcortical atrophy and blurred GM-WM junction phenomena) were well 

appreciated on MP2RAGE images (6/7 cases; visual sensitivity 85.7%) (Pittau et al., 2018).  This is 

similar to our study, where MP2 (80%) and MP2 VBM variants showed a sensitivity between 80-100% 

in the lesional cohort (n cases = 5). One such example case is presented with figure 5, for a patient with 

histopathologically proven FCD type IIb in the right frontal lobe. The patient was operated and has been 

seizure free for the last 2.5 years. It can be observed that all the models segment the affected area as GM 

(figure 5C), due to the isointensity with cortex, hence revealed as abnormal voxels deviating from the 

norm after a statistical analysis. However, for such lesional cases especially at ≥7T, these results may 

not be transferable for T1 and FLAIR VBM variants like T1, T1+FLAIR and MP2+FLAIR due to 

increased magnetic and radio-frequency field inhomogeneities while using T1 and FLAIR sequences. 
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In this case, MP2 based VBM variants hold an advantage for their applicability at higher field strengths.   

Another case from the MRI-negative cohort is also represented here in figure 6. This finding is supported 

by the expert clinical hypothesis of right temporal lobe supported by non-invasive EEG recordings and 

neuropsychological evaluations. Though an intracranial EEG was indicated, it has not been pursued till 

date. In this case, only MP2+INV1 revealed abnormal GM in the regions of right amygdala. Gray matter 

hypertrophy is observed in this patient in the amygdala, which is most impressive on FLAIR. However, 

these regions are reported as abnormal only in MP2+INV1 VBM, which can be due to a better tissue 

classification facilitated by the addition of INV1 to MP2. A recent study at 7T has shown that T1-

weighted imaging at TI = 780ms (null point imaging; NPI) helped in improved detection of lesions 

lesions in multiple sclerosis patients, accompanied by a superior separation of the cortical ribbon 

achieved through NPI (Mougin et al., 2016). A similar effect was obtained mainly by addition T1-

weighted INV1 channel to MP2, while facilitating multispectral segmentation, in our study.    

 

One advantage of MP2+INV1/INV2 combinations is the fact that these images are acquired from the 

same MP2RAGE sequence. This avoids the need for co-registration and  movement related displacement 

(Marques et al., 2010). Second, especially at higher fields of ≥3T, MP2-based combinations can decrease 

tissue inhomogeneities (Marques et al., 2010) in comparison with existing T1 (MPRAGE) as well as 

FLAIR sequences. Also to address these inhomogeneities in T1(MPRAGE), alternate VBM processing 

pipelines have to be used, in comparison with the standard VBM approach, which is usable for 

MP2RAGE (Seiger et al., 2015).  Recent studies on improving contrast and signal-to-noise ratio in 3D-

FLAIR at 7T  and recovering regions with low signal achieve this through magnetization transfer and 

direct signal control (Beqiri et al., 2018; Visser et al., 2010). In such situations, a multispectral 

combination of MP2+FLAIR can also be useful, which has shown 100% sensitivity in lesional MRI 

cohort in comparison to T1+FLAIR (80%), in our study. Also, at ultra higher field strengths ≥7T, 

MP2+INV2 combination can be used over MP2+FLAIR and T1+FLAIR, as this combination shows 

similar segmentation effects like T1+FLAIR and/ MP2+FLAIR, with a sensitivity of 80% in lesional 

MRI cases but with a superior concordant rate, specificity and concordant to discordant ratio in 

comparison with both MP2+FLAIR and T1+FLAIR VBM (table 1-3).     

 

 

 

 

Limitations  

From the cohort of MRI-negative patients no subject has yet undergone surgery. Hence, it is not 

possible to histologically validate the VBM findings. However, visual inspection of all VBM findings 

did provide diagnostically relevant information in this most challenging epilepsy cohort. Secondly, to 

fully assess the diagnostic yield of newer sequences like MP2RAGE and the reproducibility of results 
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using computational methods, it will be important to perform larger studies in collaborations with other 

research centers, such as meta-analysis of epilepsy cohorts in a worldwide population (Whelan et al., 

2018).  

 

Conclusion 
In this study, we have systematically compared existing single-channel and multispectral 

segmentation models T1 and T1+FLAIR with newer models based on MP2RAGE. Further, we have 

compared the performance across these models for VBM in focal epilepsy patients with a negative 

conventional MRI. We found that segmentation based on MP2 combinations hold different advantages 

for different models. A finer cortical segmentation for GM was achieved using MP2+INV1, while 

misclassification of meninges and vessels as gray matter (GM) was best addressed via MP2+INV2. 

Also, superior subcortical GM classification for thalamus and posterior putamen was achieved using 

MP2+INV2. For visually inspected VBM results in MRI-negative focal epilepsy, we found the best 

performance for MP2+INV1 in detecting GM structural abnormalities with concordant rate, specificity 

and concordant to discordant ratio of 37.5%, 51.6% and 0.60 respectively. These performance 

parameters were calculated at a smoothing level of 14mm and statistical cutoff of 3.3 (t-score). At this 

smoothing kernel size and statistical cutoff, a sensitivity of 60-100% was achieved across all VBM 

models, for known lesional MRI cases with focal epilepsy (MCD). 

 

In conclusion we find MP2RAGE-based multispectral VBM, feasible and partially superior to the best 

available common VBM variant (T1+FLAIR) in these most challenging cohorts of MRI-negative focal 

epilepsy. Considering MP2RAGE-based VBM, it also holds an additional advantage to be applicable at 

ultra-high fields (≥7T and above), which shall be studied further.   
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Tables and figures 
Table 1: Automated and visual interpretation of VBM results for MRI-negative patients and 

controls at T-threshold = 3.3 and smoothing = 14mm. Automated and visually interpreted VBM 

results for GMC analysis are present in this table at a smoothing of 14mm and T-threshold of 3.3. Shown 



59 
 

here are the percentage of concordant rates (CR), discordant rates (DR) and specificity (SP) for each 

model. Euclidean distance (ED) and concordant to discordant ratios (CR/DR) are also present. Lowest 

ED refers to a model with balanced trade-off between SP and CR, across all models. 

 

Table 2: Patients: Visual analysis results for GMC at T-threshold = 3.3 and smoothing = 14mm. 

Visual analysis results for different VBM models are present in this table for both concordant and 

discordant lobes. The results comprise of percentage number of potentially epileptogenic (and visible), 

potentially epileptogenic (and not visible), potentially epileptogenic (combined), non-epileptogenic, 

unclear and artifacts. Potentially epileptogenic (combined) refers to percentage of patients who had 

either potentially epileptogenic lesion (visible/non visible or both) overlapping with the lobe of clinical 

hypothesis.  

 

Table 3: Controls: Visual analysis results for GMC at T-threshold = 3.3 and smoothing = 14mm. 

Shown here are VBM results for controls with percentage of non-epileptogenic, unclear, artifacts and 

corrected specificity in controls, for different VBM models. Also shown are percentage of controls and 

patients with non-visible findings. Corrected specificity refers to percentage of controls without non-

epileptogenic/artifact findings. Corrected specificity can be derived as 100-unclear findings (%). Non-

visible findings are across all the lobes in controls and patients. In patients, non-visible findings are 

percentage of epileptogenic (and non-visible) and/or unclear findings.    

 

Table 4: Automated VBM analysis results for MCD patients. Automated VBM findings of the MRI-

positive (MCD) are shown, represented by unthresholded t-scores (cluster maximum) at a smoothing of 

14mm, for all VBM models. At T-threshold = 3.3, the VBM variants had a sensitivity between 60-100%. 

* indicates findings below T-threshold of 3.3. 

 

Figure 1: Mean of absolute volumes of gray matter (GM), white matter (WM), cerebrospinal fluid 

(CSF) and total intracranial volume (TIV) for controls across all models. A box plot representation 

of mean absolute volumes of GM (A), WM (B), CSF (C) and TIV (D) are present in this figure, across 

all VBM models.  

 

Figure 2: Group level differences for T1+FLAIR with rest of the models of GM increases and 

decreases for gray matter volume (modulated images) analysis. Group level comparison for 

T1+FLAIR with rest of the models is shown in this figure. The look-up table with Red-Yellow represents 

increased GM volumes in labelled models against T1+FLAIR (models > T1+FLAIR), while Blue-light 

blue represents decreased GM volumes (models > T1+FLAIR). 
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Figure 3: Segmentation results in the individual native space, with up-sample from 1mm3 to 

0.5mm3 for appreciating segmentation differences across all combinations. A) shows native T1, 

MP2, INV1, INV2 and FLAIR images in sagittal view, with GM segmentation probabilities (0-1) for all 

combinations, i.e., T1, MP2, MP2+INV1, MP2+INV2, MP2+FLAIR, T1+FLAIR and INV1+INV2 for 

visual review of dura and vessels. B) shows the native images and segmentation results for the visual 

analysis of cortical segmentation, in the coronal plane. C) shows subcortical segmentation of thalamus 

and putamen (mainly posterior putamen) for all segmentation combinations in the axial view and D) 

shows the segmentation of brain stem. 

 

Figure 4: Assessment of smoothing and statistical cutoffs with MP2RAGE (MP2) as reference. 

Performance of different smoothing levels (A), the plot for concordant rates and specificity versus 

increasing statistical cutoffs (B), receiver operating characteristic (ROC) curve at 14mm smoothing for 

MP2 (C), and automated VBM findings for all models at 14mm smoothing and 3.3 T-threshold (D) are 

present with this figure.  

  

Figure 5: VBM results for all segmentation approaches; single-channel and multispectral 

segmentations in histopathologically proven FCD type IIb. A) native T1, MP2, INV1, INV2 and 

FLAIR images in axial view, B) zoom-in version of the native images at the region of interest, C) 

segmentation approaches; T1, MP2, MP2+INV1, MP2+INV2, MP2+FLAIR, T1+FLAIR and 

INV1+INV2 for the lesion, D) VBM findings after SPM GLM models for two-sample t-test for all the 

VBM variants (single-channel and multispectral), at smoothing of 14mm and statistical cutoff of 3.3. It 

can be observed that MP2 and MP2 based VBM variants also segment the affected area in the lesion as 

GM, with lesion appearing as hypo intense on all T1-weighted images (T1, MP2, INV1 and INV2) and 

hyper intense on FLAIR image. 

 

Figure 6: VBM results for an MRI-negative patient, detected only by MP2 VBM variant; 

MP2+INV1, presented in the coronal view. Hypertrophy in the right amygdala region is most visible 

on FLAIR image. MP2+INV1 VBM detects this abnormality after individual patient versus control 

group comparison, at smoothing of 14mm and statistical threshold of 3.3. This finding is supported by 

clinical hypothesis of right temporal lobe, also supported by non-invasive EEG and neuropsychological 

evaluations, suspecting abnormality in the right temporal lobe. 

Table 1 

Automated VBM results 

Model Concordant rate (CR, 
%) 

Discordant rate 
(DR, %) 

Specificity 
(SP, %) Euclidean distance (ED) CR/DR 

T1 56.3 87.5 19.4 91.7 0.64 

MP2 37.5 68.8 32.3 92.1 0.55 
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T1+FLAIR 68.8 81.3 22.6 83.5 0.85 

MP2+INV1 62.5 93.8 45.2 66.4 0.67 

MP2+INV2 43.8 62.5 32.3 88.0 0.70 

MP2+FLAIR 50.0 68.8 32.3 84.2 0.73 

INV1+INV2 31.3 56.3 41.9 90.0 0.57 

Visual interpretation of VBM results 

T1 18.8 68.8 35.5 103.7 0.27 

MP2 18.8 43.8 45.2 98.0 0.43 

T1+FLAIR 25.0 43.8 35.5 99.0 0.57 

MP2+INV1 37.5 62.5 51.6 79.0 0.60 

MP2+INV2 31.3 37.5 45.2 87.9 0.83 

MP2+FLAIR 18.8 31.3 35.5 103.7 0.60 

INV1+INV2 6.3 18.8 54.8 104.0 0.34 

 

Table 2 

 Concordant lobe 

Model 
Potentially 

epileptogenic (and 
visible, %) 

Potentially epileptogenic 
(and not visible, %) 

Potentially 
epileptogenic 

(combined, %) 

Non-
epileptogenic 

(%) 

Unclear 
(%) 

Artifact 
(%) 

T1 6.3 12.5 18.8 0 43.8 25.0 

MP2 6.3 12.5 18.8 0 25.0 0 

T1+FLAIR 6.3 18.8 25.0 6.3 43.8 6.3 

MP2+INV1 6.3 31.3 37.5 12.5 43.8 12.5 

MP2+INV2 6.3 25.0 31.3 6.3 25.0 6.3 

MP2+FLAIR 6.3 12.5 18.8 6.3 31.3 6.3 

INV1+INV2 0 6.3 6.3 0 25.0 6.3 

 Discordant lobe 

T1 6.3 68.8 68.8 37.5 68.8 25.0 

MP2 6.3 43.8 43.8 25.0 37.5 12.5 

T1+FLAIR 6.3 43.8 43.8 25.0 62.5 43.8 

MP2+INV1 6.3 62.5 62.5 50.0 81.3 43.8 

MP2+INV2 6.3 31.3 37.5 31.3 43.8 18.8 

MP2+FLAIR 6.3 31.3 31.3 25.0 50.0 31.3 

INV1+INV2 0 18.8 18.8 12.5 43.8 0 

 

 

 

 

Table 3 

Model 
Non-

epileptogenic 
(%) 

Unclear (%) Artifact (%) Corrected specificity 
(%) 

Non-visible 
findings 

(controls, %) 

Non-visible 
findings 

(patients, %) 

T1 29.0 64.5 25.8 35.5 64.5 87.5 

MP2 19.4 54.8 25.8 45.2 54.8 68.8 
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T1+FLAIR 29.0 64.5 29.0 35.5 64.5 87.5 

MP2+INV1 6.5 48.4 9.7 51.6 48.4 93.8 

MP2+INV2 25.8 54.8 22.6 45.2 54.8 68.8 

MP2+FLAIR 16.1 64.5 19.4 35.5 64.5 56.3 

INV1+INV2 25.8 45.2 29.0 54.8 45.2 56.3 

 

Table 4 

Model T1 MP2 T1+FLAIR MP2+INV1 MP2+INV2 MP2+FLAIR INV1+INV2 

Smoothing = 14mm, T-threshold = 3.3 

Case 1 7.9 10.1 11.2 9.4 9.1 11.7 8.9 

Case 4 2.5* 2.5* 5.3 2.3* 4.2 4.7 3.1* 

Case 16 4.2 3.8 3.9 3.9 3.9 3.9 5.3 

Case 17 3.6 3.3 3.2* 3.8 3.1* 3.5 2.4* 

Case 21 4.6 4.8 6.8 6.9 5.7 7.5 5.9 

Sensitivity (%) 80 80 80 80 80 100 60 

* indicates findings below T-threshold of 3.3. 

 

 

Figure 1 
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Figure 2 

 

 
Figure 3 
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Figure 4 
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Figure 5 

 
Figure 6 
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Supplementary table 1: Clinical details of patients with focal epilepsy. 

Case 
ID Age Sex 

 
Age of 
onset 

Hypothesis 

PET – 
CT/MRI 

when 
performed 

Expert consensus 
Epilepsy surgery case 

conference 

Intracranial 
EEG Surgery Outcome after 

surgery 
Seizure free 

Duration 
Histopathological 

findings 
Neuropsychological 

assessment 
Non-invasive Video-

EEG-Monitoring 

1 22 f 5 R F not performed Concordant hypothesis, 
Surgery indicated no Yes Engel Class I 2.5 years FCD IIb F R F 

2 28 f 18 L/R T L T Concordant hypothesis, 
intracranial EEG indicated yes No - Not seizure 

free - L F-T L/R T 

3 19 m 10 R T-P-O Unremarkable Concordant hypothesis, 
intracranial EEG indicated yes No - Not seizure 

free - R T-P R T-P-O 

4 30 f 9 R I-O not performed Not performed - - - 4 years - F Unremarkable 

5 19 m 4 R F-T Unremarkable Not performed - - - Not seizure 
free - R F-T R F-T 

6 21 m 14 L T-P Unremarkable Concordant hypothesis, 
intracranial EEG indicated yes no - Not seizure 

free - L F L F-T-P 

7 60 m 20 L/R T not performed Not performed no no - 3 years - R/L F-T L T 

8 22 f 14 L F not performed Concordant hypothesis, 
intracranial EEG indicated no no - 2.5 years - R/L F L F 

9 21 f 12 R F not performed Concordant hypothesis, 
intracranial EEG indicated no no - 2 years - R F-T R F 

10 18 f 13 L/R F Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - 1.5 years - R/L F R/L F 

11 28 m 26 R F-T Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - Not seizure 

free - R F-T R F-T 

12 27 m 14 L/R T Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - Not seizure 

free - R F-T R F-T 

13 22 m 16 L/R F Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - Seizure free - R/L F R/L F 

14 33 m 16 R T Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - Not seizure 

free - R F-T R F-T 

15 26 m 13 L F Unremarkable Concordant hypothesis, 
intracranial EEG indicated no no - 3 - R/L F L F 
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16 47 m 32 L F not performed Concordant hypothesis, 
intracranial EEG indicated yes yes Engel Class I 12 years FCD IIb L F-T L F 

17 31 f 3 L F L F Concordant hypothesis, 
intracranial EEG indicated yes yes currently not 

classifiable 3 months - L F-T L F 

18 32 f 18 L T not performed Concordant hypothesis, 
intracranial EEG indicated no no - Not seizure 

free - L F-T L T 

19 51 f 30 R T not performed Discordant hypothesis, 
intracranial EEG indicated no no - Not Seizure 

free - R/L F-T R/L F-T 

20 44 m 14 L T not performed Concordant hypothesis, 
intracranial EEG indicated no no - Not seizure 

free - L F-T R/L F-T 

21 40 f 1 R F Unremarkable Concordant hypothesis, 
intracranial EEG indicated yes no - Not seizure 

free - R F-T R F 

Clinical details comprising of subject ID, age, gender, age of onset, PET-CT/MRI, clinical hypothesis, intracranial EEG, outcome of surgery, seizure freedom, 

histopathological findings, neuropsychological assessment and non-invasive scalp EEG information are presented with this table. This information contains both 

MRI-negative and MRI-visible lesional (suspected MCD) cases. Note: ‘-‘ refers to information not available/applicable.  
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Supplementary table 2: Results for repeated measures one-way ANOVA for in-between group 

differences in mean absolute volumes of gray matter (GM), white matter (WM), cerebrospinal fluid 

(CSF) and total intracranial volume (TIV) across different segmentation models. 

GM Mean(ml)± 
SE T1 MP2 T1+FLAIR MP2+INV1 MP2+INV2 MP2+FLAIR INV1+INV2 

T1 731.5±9.7  106.1±3.2 55.0±3.0 126.9±3.7 23.9±3.1 30.8±3.4 32.5±3.3 
MP2 837.6±11.3 106.1±3.2  161.1±4.4 233.0±4.2 130.0±4.2 136.9±4.8 73.6±3.4 

T1+FLAIR 676.5±8.2 55.0±3.0 161.1±4.4  71.9±4.6 31.1±2.5 24.2±1.6 87.5±3.5 
MP2+INV1 604.6±9.6 126.9±3.7 233.0±4.2 71.9±4.6  103.0±4.6 96.1±5.3 159.4±3.9 
MP2+INV2 707.6±9.2 23.9±3.1 130.0±4.2 31.1±2.5 103.0±4.6  6.9±2.7 56.4±3.0 

MP2+FLAIR 700.7±8.8 30.8±3.4 136.9±4.8 24.2±1.6 96.1±5.3 6.9±2.7  63.3±3.5 
INV1+INV2 764.0±10.6 32.5±3.3 73.6±3.4 87.5±3.5 159.4±3.9 56.4±3.0 63.3±3.5  

WM         
T1 470.0±9.0  25.0±0.8 9.0±1.2 73.5±2.2 15.1±0.9 13.1±1.4 90.3±2.4 

MP2 445.0±8.9 25.0±0.8  34.0±1.1 98.5±2.1 9.9±0.7 11.8±1.3 65.4±2.1 
T1+FLAIR 479.0±9.0 9.0±1.2 34.0±1.1  64.5±2.6 24.1±1.1 22.1±0.9 99.3±2.8 
MP2+INV1 543.5±10.1 73.5±2.2 98.5±2.1 64.5±2.6  88.6±2.4 86.6±2.8 163.8±2.7 
MP2+INV2 455.0±8.6 15.1±0.9 9.9±0.7 24.1±1.1 88.6±2.4  1.9±1.0 75.3±2.2 

MP2+FLAIR 456.9±8.6 13.1±1.4 11.8±1.3 22.1±0.9 86.6±2.8 1.9±1.0  77.2±2.7 
INV1+INV2 379.7±8.0 90.3±2.4 65.4±2.1 99.3±2.8 163.8±2.7 75.3±2.2 77.2±2.7  

CSF         
T1 286.8±10.6  51.2±6.8 30.5±6.2 43.6±6.8 27.3±7.2 4.5±7.5 34.0±7.0 

MP2 235.6±7.8 51.2±6.8  20.8±5.2 94.8±2.9 78.5±3.1 55.7±2.9 85.2±3.7 
T1+FLAIR 256.4±9.3 30.5±6.2 20.8±5.2  74.1±5.1 57.7±5.0 34.9±4.9 64.4±5.2 
MP2+INV1 330.4±8.5 43.6±6.8 94.8±2.9 74.1±5.1  16.3±3.1 39.1±3.4 9.6±3.5 
MP2+INV2 314.1±9.3 27.3±7.2 78.5±3.1 57.7±5.0 16.3±3.1  22.8±2.1 6.7±2.4 

MP2+FLAIR 291.3±9.1 4.5±7.5 55.7±2.9 34.9±4.9 39.1±3.4 22.8±2.1  29.5±3.0 
INV1+INV2 320.8±10.0 34.0±7.0 85.2±3.7 64.4±5.2 9.6±3.5 6.7±2.4 29.5±3.0  

TIV         
T1 1488.4±22.5  29.9±7.2 76.5±4.8 9.8±6.4 11.7±5.8 39.5±6.2 23.9±5.8 

MP2 1518.3±22.3 29.9±7.2  106.4±6.0 39.7±2.4 41.5±2.8 69.3±2.5 53.8±3.8 
T1+FLAIR 1411.9±21.5 76.5±4.8 106.4±6.0  66.7±5.1 64.8±4.9 37.0±4.7 52.6±4.7 
MP2+INV1 1478.6±21.6 9.8±6.4 39.7±2.4 66.7±5.1  1.9±1.5 29.7±1.2 14.1±2.9 
MP2+INV2 1476.7±21.8 11.7±5.8 41.5±2.8 64.8±4.9 1.9±1.5  27.8±1.2 12.2±2.2 

MP2+FLAIR 1448.9±21.6 39.5±6.2 69.3±2.5 37.0±4.7 29.7±1.2 27.8±1.2  15.6±2.4 
INV1+INV2 1464.5±22.2 23.9±5.8 53.8±3.8 52.6±4.7 14.1±2.9 12.2±2.2 15.6±2.4  

SE = standard error; shaded (shaded) are significant results, p<0.05.   

 

Supplementary table 3: AUC at variable smoothing levels for all VBM models.  

Model 4mm 6mm 8mm 10mm 12mm 14mm 16mm 

T1 0.03 0.06 0.18 0.28 0.36 0.39 0.33 

MP2 0.03 0.07 0.18 0.21 0.23 0.24 0.21 

T1+FLAIR 0.03 0.05 0.17 0.25 0.33 0.36 0.32 

MP2+INV1 0.03 0.05 0.19 0.44 0.45 0.38 0.29 

MP2+INV2 0.03 0.09 0.13 0.22 0.25 0.31 0.32 

MP2+FLAIR 0.03 0.06 0.13 0.22 0.28 0.27 0.23 

INV1+INV2 0.04 0.19 0.24 0.21 0.21 0.15 0.09 

Area under curve (AUC) for all the VBM models across variable smoothing levels is present in this 

table. AUC for each smoothing (4mm to 16mm, step size = 2) was derived from specificity and 

concordant rate across all statistical cutoffs (2.5 to 6, step size = 0.1). 
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Supplementary figure 1:   Group level differences for T1+FLAIR with rest of the models of WM 

increases and decreases for white matter volume (modulated images) analysis. 

 
Group level comparison for T1+FLAIR with rest of the models is shown in this figure. The look-up 

table with Red-Yellow represents increased WM volumes in compared models against T1+FLAIR 

(models > T1+FLAIR), while Blue-light blue represents decreased WM volumes (models < 

T1+FLAIR). 
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Supplementary figure 2: Group level differences for T1+FLAIR with rest of the models of CSF increases 

and decreases for cerebrospinal fluid volume (modulated images) analysis. 

 

Group level comparison for T1+FLAIR with rest of the models is shown in this figure. The look-up 

table with Red-Yellow represents increased CSF volumes in compared models against T1+FLAIR 

(models > T1+FLAIR), while Blue-light blue represents decreased CSF volumes (models < 

T1+FLAIR).  
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Supplementary figure 3: Group level differences for T1 with rest of the models of GM increases and 

decreases for gray matter volume (modulated images) analysis. 

 

Group level comparison for T1 with rest of the models is shown in this figure. The look-up table with 

Red-Yellow represents increased GM volumes in compared models against T1 (models > T1), while 

Blue-light blue represents decreased GM volumes (models < T1).  
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Supplementary figure 4:   Group level differences for T1 with rest of the models of WM increases and 

decreases for white matter volume (modulated images) analysis. 

 

Group level comparison for T1 with rest of the models is shown in this figure. The look-up table with 

Red-Yellow represents increased WM volumes in compared models against T1 (models > T1), while 

Blue-light blue represents decreased WM volumes (models < T1). 
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Supplementary figure 5:   Group level differences for T1 with rest of the models of CSF increases and 

decreases for cerebrospinal fluid volume (modulated images) analysis. 

 
Group level comparison for T1 with rest of the models is shown in this figure. The look-up table with 

Red-Yellow represents increased CSF volumes in compared models against T1 (models > T1), while 

Blue-light blue represents decreased CSF volumes (models < T1).  
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Supplementary figure 6: Single-channel and multispectral segmentation results for GM in native space 

for all segmentation combinations. 

 

Present here are the images of gray matter segmentation for T1+FLAIR, T1, MP2, MP2+INV1, 

MP2+INV2, MP2+FLAIR and INV1+INV2 for a single control. Also present are the native images of 

FLAIR, T1, MP2, INV1 and INV2 for the same controls. These images show the translation of group 

results and their effect of individual subjects.   
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Supplementary figure 7: Single-channel and multispectral segmentation results for WM in native space 

for all segmentation combinations. 

 

Present here are the images of white matter segmentation for T1+FLAIR, T1, MP2, MP2+INV1, 

MP2+INV2, MP2+FLAIR and INV1+INV2 for a single control. Also present are the native images of 

FLAIR, T1, MP2, INV1 and INV2 for the same controls.   
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Supplementary figure 8: Single-channel and multispectral segmentation results for CSF in native space 

for all segmentation combinations. 

 
Present here are the images of cerebrospinal fluid segmentation for T1+FLAIR, T1, MP2, MP2+INV1, 

MP2+INV2, MP2+FLAIR and INV1+INV2 for a single control. Also present are the native images of 

FLAIR, T1, MP2, INV1 and INV2 for the same controls.   
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Supplementary figure 9: Concordant rate and specificity versus statistical cutoff plot for automated MP2 

VBM findings from 4mm to 16mm smoothing kernel sizes. 

 
Present here are the intersection plots for concordant rates and specificity versus statistical cutoffs from 

2.5 to 6 and smoothing levels from 4mm to 16mm for automated MP2 VBM findings. It can be observed 

that as the smoothing increases, the T-threshold (intersection of concordant rate and specificity curves) 

shifts towards the left.  
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Supplementary figure 10: Receiver operating characteristic (ROC) curve for all VBM models at 14mm 

smoothing. 

 
The ROC for all VBM models T1, MP2, T1+FLAIR, MP2+INV1, MP2+INV2, MP2+FLAIR and 

INV1+INV2 are present in this figure. The AUC calculated here represents the area occupied by the 

ROC curves for each VBM model.  
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5. Future works 

 

The future holds infinity possibilities for the exploration and exploitation of computational methods 

in epilepsy. However, most importantly, there are immediate potential projects, which can be designed 

based on the work from this thesis. First, by taking multispectral voxel-based segmentation as a start 

point, several machine learning algorithms can be implemented, such as support vector computational 

models. Performance of multispectral guided SVMs in lesion detection can be tested in epilepsy. 

Second, with the technological advancements, the applicability of image analysis can be validated on 

ultra-high magnetic field strengths (UHF) of 9.4T. These high field strengths have an advantage over 

3T, in terms of greater anatomical and functional details of the human brain / higher signal-to-noise 

ratio. Such information could facilitate computational methods based on this data. Third, we should aim 

at multimodal brain analysis where along with MRI; simultaneous information should be included from 

modalities such as magneto-encephalography and electro-encephalography. This would help us in 

elucidating epileptic findings in the brain. Last but not the least, big-data multispectral imaging analysis 

is a high need of the hour, where productive collaborations can be made, contributing to precision 

medicine in epilepsy.  
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