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Abbreviations 
1H-MRS  Proton magnetic resonance spectroscopy 

AAO  Age at epilepsy onset 

ADC  Apparent diffusion coefficient 

ADCf  Fast diffusion component 

ADCs  Slow diffusion component 

BET  FMRIB’s Software Library Brain extraction tool 

CNS  Central nervous system 

CPMG  Carr-Purcell-Meiboom-Gill 

DD  Disease duration 

DWI  Diffusion-weighted imaging 

EDSS  Expanded Disability Status Scale 

EEG  Electroencephalogram 

EPI  Echo-planar imaging 

FAST  FMRIB's Automated Segmentation Tool 

ff  Volume fraction of fast diffusion component 

FLAIR  fluid attenuated inversion recovery 

FLIRT  FMRIB's Linear Image Registration Tool 

FNIRT  FMRIB's Nonlinear Image Registration Tool 

FOV  Field of view 

FSL  FMRIB Software Library 

fs  Volume fraction of slow diffusion component 

GM  Grey matter 

TI  Inversion time 

IVDD  Intervertebral disc degeneration 

MPRAGE  magnetization-prepared rapid acquisition with gradient 
echo 

MRI   Magnetic resonance imaging 

MS  Multiple sclerosis 

MTLE-HS  mesial-temporal lobe epilepsy with unilateral 
hippocampal sclerosis 

MTR  Magnetization transfer ratio 
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NAWM  Normal appearing white matter 

NIfTI  Neuroimaging Informatics Technology Initiative 

NP  Nucleus pulposus 

RF  Radiofrequency 

ROI  Region of interest 

SNR  Signal to noise ratio 

TE  Echo time 

TLN  Total lesion number 

TLV  Total lesion volume 

TR  Repetition time 

WM  White matter 
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1. General introduction – quantitative approaches of MRI 
signal decay 
During the past couple of decades, conventional magnetic resonance imaging 

(MRI) techniques have been increasingly used to assess alterations in the central 

nervous system (CNS). Nowadays, a variety of conventional MRI protocols are also 

routinely used to detect therapeutic effects of different treatment strategies. These offer 

several important advantages, such as the definition of disability level, the association 

of blood brain barrier damage, spatial and temporal dissemination of brain lesions. In 

the past few years, a host of non-conventional quantitative MRI techniques have been 

introduced for the assessment of CNS diseases. These MRI techniques appear to be 

reliable markers in monitoring pathologic processes related to disease activity and 

clinical progression. They are able to reveal a range of tissue changes that include 

oedema, inflammation, demyelination, axonal loss, and degeneration. Therefore, in a 

disease with a high degree of longitudinal variability of clinical signs and with no 

current adequate biological markers of disease progression, non-conventional 

quantitative MRI techniques provide a powerful tool to non-invasively investigate not 

only the pathological substrates of overt lesions but also subtle global changes that 

may affect the entire brain. Additionally, conventional MR imaging gives only a cross-

sectional qualitative information of different tissues, while quantitative approaches 

offer the advantage of absolute rather than relative characterization of the underlying 

biochemical composition of the tissue. The determination of quantitative MRI data 

requires more detailed approaches and a good understanding of basic MR phenomena. 

Generally, it is performed by using and analysing a set of qualitative images, where 

the signal intensity is controlled by the change of an MR imaging parameter: inversion 

time (TI), flip angle or repetition time (TR) for T1 relaxometry; echo time (TE) for T2 

relaxometry and b-value for diffusion-weighted data. Then quantitative MR data can 

be calculated by mono- or multi-exponentially fitting the signal change against these 

parameters (see corresponding sections of Technical background). In clinical 

perspective, T1 and T2 relaxation times depend on structural characteristics such as 

local tissue density (i.e. water content), while quantitative diffusion data provides an 

indirect measure of tissue structure on a microscopic scale. 

Taking the advantage of quantitative MRI techniques, a series of studies tested the 

usefulness of them in the CNS where conventional MR methods were insensitive. MR 
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imaging of the CNS has great importance in the diagnostic evaluation and monitoring 

of treatment response in multiple sclerosis (MS) (Wattjes et al., 2015). Also mild 

traumatic brain injury patients with negative computed tomography scans showed 

significant alterations on advanced quantitative MR images (Toth et al., 2013). 

Additionally, numerous studies of lesional and non-lesional epilepsy patients have 

demonstrated that advanced quantitative MRI methods can reliably improve surgical 

outcome (Wehner and Luders, 2008) and help the detection of seizure origin. Although 

white matter (WM) alterations with distinct lesions-tissue contrast are still the main 

radiological hallmark in many of CNS diseases, the detection of pathological WM 

without visible contrast changes is also important and even more challenging. 

1.1. The examination of normal appearing white matter 

It is known that some pathologies in CNS cannot be perceived on conventional 

(T1- and T2-weighted) MR images. In such cases, signal intensity is not altered 

focally, rather changed homogenously, but in a minor extent (Bakshi et al., 2008). 

Quantitative MRI methods are suitable for measuring changes that are not 

straightforward for the human visual perception (Beaulieu et al., 1998; Jones et al., 

2003; Whittall et al., 1997). Diffusion imaging is a quantitative method of choice to 

delineate microstructural changes in the brain tissue (de Carvalho Rangel et al., 2011). 

Tissue water diffusion changes in the WM were demonstrated during normal 

development and aging of the human brain (Camara et al., 2007; Forbes et al., 2002; 

Naganawa et al., 2003; Sala et al., 2012). Myelin content of the brain increases in the 

first few years of life; thereafter significantly decreases with aging (Malone and Szoke, 

1982; Marner et al., 2003). It appears that reduced myelin content results in increased 

tissue water diffusion, as it was measured either in new-born or in aging brain 

(Barkovich, 2000; Forbes et al., 2002). Similar diffusion changes were described in 

pathological conditions that affect myelinated structures (Bakshi et al., 2008; Caramia 

et al., 2002). The increased tissue water diffusion in WM structures of MS patients 

depends on several conditions, e.g. the subtype of MS, the time course of 

inflammation, demyelination and remyelination, lesion volume, etc. (Caramia et al., 

2002; Garaci et al., 2007; Meier et al., 2007; Miller et al., 2003; Schmierer et al., 2004). 

According to previous studies, MS causes widespread tissue damage in the normal 

appearing white matter (NAWM) of the brain and the spinal cord, whose extent and 

severity are more strictly associated with clinical manifestations of the disease than the 
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extent of focal pathology (Filippi and Rocca, 2005). In addition, loss of cellular 

elements changes the ratio of intra-extracellular compartments that also contributes to 

the increase of tissue water diffusion (Moore et al., 2008; Sala et al., 2012). Parameters 

obtained from the water diffusion tensor, such as fractional anisotropy and mean 

diffusivity, can demonstrate alterations in axonal microstructure. Further potential 

MRI biomarkers of WM damage are the magnetization transfer ratio (MTR) and the 

longitudinal relaxation time (T1 relaxometry) measurements. MTR can show 

pathologic alterations in WM that involve macromolecules in the cell membrane, such 

as in inflammation or in demyelination (Fazekas et al., 2005). T1 relaxometry provides 

quantitative information on brain water content and is therefore a potential marker for 

oedematous brain tissue (Bastin et al., 2002). Additionally, substantial evidence exists 

for prolonged T2 in damaged but visually normal WM compared to the WM of healthy 

volunteers (Whittall et al., 2002), while proton MR spectroscopy (1H-MRS) can add 

information on the biochemical nature of such changes. In mesial-temporal lobe 

epilepsy, it is known that structural abnormalities associated with hippocampal 

sclerosis involve not only the hippocampus and the structures of the limbic system 

(Baldwin et al., 1994; Cendes et al., 1993; Mamourian and Brown, 1993; Van 

Paesschen et al., 1996) but also the bilateral WM with ipsilateral predominance 

(Concha et al., 2009; Concha et al., 2005; Flugel et al., 2006; Focke et al., 2008; Gross 

et al., 2006; Hermann et al., 2002; Kim et al., 2008; Lin et al., 2008; Riley et al., 2010; 

Seidenberg et al., 2005). It might be hypothesized that neuronal dysfunction/loss in the 

sclerotic hippocampus causes damage to WM structures connected to the epileptic foci 

because of the excitotoxic effects of the spreading epileptogenic activity which then 

induces microstructural abnormalities far away from the seizure focus (Scanlon et al., 

2013; Seidenberg et al., 2005). 

1.2. Quantitative MRI of intervertebral disc degeneration 

Most of the quantitative MRI techniques have been validated and applied in the 

brain over the past 20 years, but quantitative MRI of the spine is underutilized both in 

research and in the clinical practice. This is a direct consequence of the difficulties 

related to the numerous artefacts and image quality. Thanks to recent developments in 

a number of areas including coils, acquisition protocols and image processing 

techniques, quantitative spinal MR imaging had continuously been improved and 

overcame most of the challenges. To date, numerous studies and books exist to study 
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how to apply these techniques in the spinal cord (Cohen-Adad and Wheeler-Kingshott, 

2014), but fewer examined the quantitative MRI alterations in intervertebral disc 

diseases, although low back pain is one of the most prevalent and costly illness in 

today’s society. Early signs of disc degeneration are manifested by biophysical and 

biochemical changes, including loss of proteoglycans, osmotic pressure and hydration 

(Adams and Roughley, 2006). Quantitative MRI has the potential to become an 

important diagnostic and treatment assessment tool in determining the functional state 

of intervertebral disc matrix. 

Several MRI grading systems have been used to characterize intervertebral disc 

degeneration (IVDD) in humans. Most classification systems for IVDD focus on the 

signal intensity and morphology of the nucleus pulposus (NP) on sagittal T2-weighted 

MR images (Griffith et al., 2007; Gunzburg et al., 1992; Kanayama et al., 2009; 

Pfirrmann et al., 2001; Schneiderman et al., 1987; Tertti et al., 1991), because the 

decreased signal intensity correlates with the degree of the degenerative process, 

including the loss of water and proteoglycan content (Haneder et al., 2013). Currently, 

the most widely accepted grading system was described by Pfirrmann et al. which is 

based on the distinction between the signal intensity of the NP and annulus fibrosus, 

disc structure and disc height (Pfirrmann et al., 2001). Other grading system such as 

Schneiderman scheme also provides a reliable method to measure the degeneration of 

the disc (Schneiderman et al., 1987). However, morphology-based grading of IVDD 

suffers from two substantial shortcomings. Firstly, the T2 process might be affected 

by several molecular events that result in subtle signal intensity changes of the NP. 

Secondly, the visual perception of intensity changes on T2W images is problematic 

due to many arbitrary factors in signal detection and amplification. These may lead to 

significant differences between observers causing interobserver bias, especially when 

observers classify minor changes. The disparity between observers in terms of rating 

behaviour is mostly due to the consistent over or underestimation of the grading 

boundaries. Based on the biophysical and biochemical changes in discs, several MR 

imaging techniques have been developed for quantitative evaluation of IVDD, such as 

magnetization transfer imaging (Paajanen et al., 1994; Wang et al., 2010), T1 and 

T1rho imaging (Jenkins et al., 1985; Nguyen et al., 2008; Zobel et al., 2012), 1H-MRS 

(Zuo et al., 2009), diffusion-weighted imaging (DWI) (Beattie et al., 2008; Niinimaki 

et al., 2009), and T2 measurements (Marinelli et al., 2010; Perry et al., 2006). T1rho 

relaxation measurement – which probes the interaction between water molecules and 
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their macromolecular environment – is suggested to have the potential to identify early 

biochemical changes in the intervertebral disc. In cadaveric human discs it was shown 

that T1rho strongly correlates with proteoglycan content in the NP (Johannessen et al., 

2006). Additionally, chemical exchange saturation transfer and MTR may also offer 

promise for more accurately discriminating between discs of different health (Schleich 

et al., 2016; Wang et al., 2010). Recently developed quantitative T2* relaxometry 

seems to be an emerging technique with the additional benefit of three-dimensionality 

in providing information about spatial macromolecule architecture in conjunction with 

water molecule mobility (Ellingson et al., 2013). Among these methods, T2 relaxation 

time evaluation provides a reliable correlation to detect changes in the molecular 

environment of the disc (Trattnig et al., 2010) and the method is implemented on most 

clinical MR scanners. T2 relaxation time measurements correlate with intervertebral 

disc tissue water content (Marinelli et al., 2009) and have therefore been used to 

quantify the hydration of the disc which is essential for disease grading (Jazini et al., 

2012; Takashima et al., 2012).  
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2. Technical background 
2.1. Diffusion imaging 

In 1827, the Scottish botanist Robert Brown noticed that pollen grains suspended 

in water showed random (or Brownian) motion. Due to density differences in a system, 

Brownian motion is driven by the concentration gradients. The transport of material in 

stagnant fluid or across streamlines in a laminar flow can be explained by molecular 

diffusion described by Fick’s first law. This law relates the flux to the concentration 

under the assumption of steady state. It postulates that the flux (J) goes from regions 

with high concentration to low concentration, with a magnitude that is proportional to 

the concentration gradient (E.q. 1). 

퐽 = −퐷 ∙ ∆
∆

    E.q. 1 

where D is the diffusion coefficient, while ∆c/∆x is the concentration change as a 

function of distance. When D is known, the microscopic transport of a material can be 

described using Einstein diffusion equation: 

∆푟 = 2 ∙ 퐷 ∙ 푡    E.q. 2 

Here the mean square displacement (∆r2) of a particle per unit time (∆t) is expressed 

along one direction. If a glass of water at constant temperature is considered, the 

diffusion is only affected by collisions between particles and the wall, therefore the 

self-diffusion (D) is in steady state. The average displacement of pure water at body 

temperature (37 °C) is much greater – during an 50 ms motion interval is 

approximately 30 µm (Norris, 2001) – compared to the dimension of cells. If the 

diffusing water molecules encounter any barriers along their random walk motion, the 

mean square displacement per unit time will be lower than in pure water. In the brain, 

water molecules interact with many tissue components, such as cell membranes, cell 

organelles or macromolecules and the indirect observation of these displacements 

provides valuable information on the microscopic barriers. For instance, in the grey 

matter (GM) the cellular membranes are not oriented along a specific direction; 

therefore the water diffusion is isotropic or equal in all paths. In the WM, diffusion is 

faster parallel to the fibres, hence the diffusion is anisotropic. 

Also the distribution of water is different in the extracellular and the intracellular 

spaces. Normally, the largest amount of water diffusion takes place in the extracellular 

space, while restriction effects, high viscosity, macromolecular crowding and cell 

membranes explain the reduction of water diffusion intracellularly. 
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2.1.1. Diffusion-weighted MRI 

Up to date, Stejskal-Tanner sequence is the most widely used approach to detect 

random motion of water molecules in the body. In this sequence, two diffusion-

encoding gradients (dephasing and rephasing) in matched pairs are placed on both 

sides of the 180° radiofrequency (RF) pulse (Figure 1). 

 

Figure 1. The schematic representation of Stejskal-Tanner pulsed gradient spin-echo 
scheme. 

In a static system characterized by homogeneous magnetic field, all protons have 

the same precession frequency. However, if the dephasing gradient is turned on, this 

homogeneity will be disturbed resulting in signal loss. This gradient is followed by 

another with opposite direction (i.e. rephasing gradient) and the signal will be restored. 

If the localization of protons change between dephasing and rephasing the signal 

recovery will be incomplete. Since the spins are not stationary, the longer the 

observation time, the greater the spread of spin positions (due to diffusivity). MRI can 

be sensitized to diffusion, where the strength of diffusion weighting is dependent on 

the duration of time between the dephasing and rephasing gradients (∆), the 

gyromagnetic ratio (  ), the gradient strength (G) and its duration (  ) which is 

summarized in the so called b-value (E.q. 3) (Gillard et al., 2009). 

푏 = 훾 ∙ 퐺 ∙ 훿 훥 −    E.q. 3 

The resulting diffusion-weighted signal intensity can be easily determined using the 

following equation (E.q. 4): 

퐼 = 퐼 ∙ 푒( ∙ ),    E.q. 4 

where I is the measured signal intensity with diffusion sensitization, I0 is the signal 

intensity without diffusion sensitization, b is the b-value (unit s/mm2) and ADC is the 
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apparent diffusion coefficient. ADC can be estimated using E.q. 4 by acquiring at least 

two signals with different b-values. However, if the diffusion-weighted image is 

acquired in a single diffusion direction only, then anisotropy can strongly influence 

the results. As a remedy, DWI is acquired in three orthogonal directions and then the 

geometric mean is taken to create the so called trace image. 

2.1.2. Multi-exponential diffusion signal decay 

The signal decays mono-exponentially in freely diffusing systems, however if the 

motion of water is restricted by barriers such as cell walls, membranes and intracellular 

organs, the measured diffusion will be partially reduced resulting a non mono-

exponential signal decay (Figure 2). 

 

Figure 2. The representation of diffusion related data fitting using a non mono-
exponential approach. 

In biological systems, one often finds that the signal decay with increasing b-value can 

be expressed as a sum of multiple-exponentials. A common interpretation is that the 

observed signal contains multiple compartments with different sizes and shapes (Milne 

and Conradi, 2009). However, Sukstanskii et al. (Sukstanskii et al., 2003) showed that, 

even in single-compartments, the signal is not mono-exponential but can be well 

modelled bi-exponentially (E.q. 5). 

= 푓 ∙ 푒 ∙ + 푓 ∙ 푒( ∙ )  E.q. 5 
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Bi-exponential decay corresponds to two water diffusion pools and described with fast 

(ADCfast) and slow (ADCslow) diffusion components (Assaf and Cohen, 1998; Niendorf 

et al., 1996). Here, f is the volume fraction associated with the fast and the slow 

diffusion phases, where ffast=1-fslow. Some studies demonstrated that, fast diffusion 

component gives about 65% of the diffusion signal in the normal brain (Niendorf et 

al., 1996). At relatively low b-values, signal intensity is dominated by fast diffusion 

component, whereas it is contributed mainly by slow diffusion component at high b-

values (Figure 3) (DeLano et al., 2000). 

 

Figure 3. The simulation of fast and slow diffusion components contributing to DWI 
signal. 

Although the contribution of fast and slow diffusion components to body fluid 

compartments is unclear, it was suggested that extracellular compartment might 

correspond to fast diffusion component, because water expected to diffuse more 

rapidly than in the intracellular space (Le Bihan and van Zijl, 2002). Further works 

showed that, bi-exponential behaviour could also be seen in the intracellular 

compartment confirming that both slow and fast diffusion components coexist 

intracellularly, while the variations in size of the intracellular and the extracellular 

compartments correlate with the changes of the fraction of the slow and the fast 

diffusion components (Niendorf et al., 1996; van der Toorn et al., 1996). 
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2.2. T2 relaxometry 

The theory of relaxometry, or the measurement of relaxation rates, is based on the 

physical aspects of nuclei relaxation to the ground state after being excited by an RF 

pulse. More specifically, T2 relaxation is the decay of transverse components of 

magnetization produced by randomly occurring variations in the local magnetic field 

strength. It begins immediately after the RF pulse and protons start to become out of 

phase as they experience a slightly different magnetic field. This transverse relaxation 

occurs due to magnetic field inhomogeneities and movement of the molecules in the 

tissue. In clinical practice the evaluation of T2 relaxation process of different tissue 

types is based on the correctly chosen tissue specific weighting parameter (TE). 

However, this process shows only a cross sectional information of the weighting 

procedure and the whole relaxation course remains unknown and no quantitative 

information can be determined. In order to address this limitation, a set of T2-weighted 

images are obtained at different TEs, which is now called T2 relaxometry. 

2.2.1. Image acquisition methods 

A variety of acquisition methods exist to measure T2 relaxation time in a certain 

tissue. The simplest and most widely available approach is a single or Hahn spin echo 

sequence. This applies a 90° (excitation) and a 180° (refocusing) pulse and repeats the 

acquisition for different echoes. This is the most accurate method of T2 quantification 

but its long scanning duration is impractical for clinical studies. To save time, multiple 

spin echo approach using multiple refocusing pulses shortens the acquisition length, 

but its accuracy is compromised by imperfect RF pulses. The Carr-Purcell-Meiboom-

Gill (CPMG) sequence is a modification of this approach (Figure 4) where 90° phase 

shift in the rotating frame of reference was applied between the 90° and the subsequent 

180° pulses in order to reduce accumulating effects of imperfections in the 180° pulses. 
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Figure 4. The schematic representation of CPMG sequence. 

However, CPMG sequence still has been found to be insufficient for accurate multi-

slice T2 determination (Majumdar et al., 1986) due to residual sensitivity to refocusing 

imperfections called stimulated echoes. To minimize the effect of that, optimized 

refocusing pulses can be used (Lebel and Wilman, 2010) or data points can be 

excluded from the fitting procedure (Milford et al., 2015). To sum up, the sensitivity 

of T2 relaxometry depends on the applied sequence, the TR, the TEs, the number of 

images acquired with different TEs (echo train length) and on the model adopted for 

fitting the experimental data. 

2.2.2. Data processing 

To calculate T2 relaxation times of a certain tissue, the raw imaging data acquired 

with multiple echoes can be fitted via mono- or multi-exponential approaches. 

Although different quantification methods available (Milford et al., 2015), the use of 

standard mono-exponential model is still the most frequently applied fitting approach. 

In order to choose the best fitting procedure for T2 relaxometry, it is worth to first plot 

the natural logarithm of the signal against TE (Tofts, 2005). The resulting semi 

logarithmic plot clearly shows whether, there is more than one relaxing component 

present in the data (Figure 5). 



17 
 

 

 

Figure 5. A schematic representation of bi-exponential T2 signal decay on a semi-
logarithmic plot. 

If no curvature is found, the data analysis approach should be a mono-exponential 

model (E.q. 6). 

푆 = 푆 ∙ 	푒( ),    E.q. 6 

where S0 is proportional to the proton density. 

If there will be two distinct linear regions to the resulting plot, bi-exponential fitting 

approach is more reasonable (E.q. 7). 

푆( ) =	푆 ∙ 	 푒 	( / )	 + 푆 ∙ 	푒( / )	 , E.q. 7 

where Slong and Sshort are the signals from the long and short T2 components at time 

zero and T2long and T2short are the long and short T2 relaxation times. This model 

requires appropriate signal to noise ratio (SNR). If SNR is low, the fit becomes 

uncertain, reducing the accuracy and precision of the model. In addition, the relaxation 

times (T2long and T2short) should be within an order of magnitude of each other, while 

Slong, and Sshort should not fall below about 15%. However, it is possible that more than 

two components are present. In that case it is reasonable to perform a chi-squared test 

to determine whether or not additional terms need to be added to the model (Armspach 
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et al., 1991). For both mono- and multi-exponential fitting procedures, nonnegative 

least square method is suggested to solve the equations (Lawson and Hanson, 1995), 

but other fitting algorithms exist (Kanzow et al., 2004). 

2.3. Applied image processing methods 

Many MR image processing tools (e.g. FMRIB Software Library, Freesurfer, 3D 

Slicer, Statistical Parametric Mapping, HAMMER, Insight Segmentation and 

Registration Toolkit, etc.) are available to quantitatively analyse MRI data. Most of 

them are designed to analyse data using both pre- (data conversion, skull stripping, B1 

bias field correction, etc.) and post-processing (segmentation, image registration, etc.) 

steps. However, it is desirable to combine different functions of the processing tools 

to achieve the desired study specific results. 

2.3.1. Pre-processing 

In many cases, one of the first pre-processing steps is to convert images from 

Digital Imaging and Communications in Medicine (DICOM) to Neuroimaging 

Informatics Technology Initiative (NIfTI) format which is used by most of the image 

processing tools. NIfTI is a modern incarnation of the Analyze format (where a pair of 

binary files exist, one containing header and one containing the information of image), 

but includes important information like the spatial orientation of the image (Whitcher 

et al., 2011). 

As for brain image evaluation, segmentation and registration algorithms work better 

when tissues external to the brain (i.e. eyeballs, skin, fat, muscle, etc.) are excluded. 

This process is called brain extraction and it is one of the early pre-processing steps on 

the initial NIfTI format MR images. The Brain Extraction Tool (BET), provided by 

FMRIB Software Library (FSL) is a method of choice to eliminate non-brain tissues 

with highly variable contrast and geometry. Given that FSL was used for most of the 

data analysis in our studies, we decided to apply BET for brain extraction. The 

technical details of that were described previously (Smith, 2002). In short, after 

obtaining a “rough” brain/non-brain threshold, the centre of initial brain surface sphere 

(centre-of-gravity) is determined. Then a triangular tessellation of a sphere’s surface 

centred on the centre-of-gravity is initialized and allowed to slowly deform toward the 

brain’s edge in an iterative process. 
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To achieve reasonably well results, the performance of BET can be optimized by 

varying the user-adjustable thresholds (fractional intensity threshold; threshold 

gradient) and defining the coordinates for centre of initial brain surface sphere. The 

fractional intensity threshold is changeable from its default value of 0.5 to give smaller 

(>0.5) or larger (<0.5) brain outline estimates, while the threshold gradient is a 

valuable option to give a larger brain outline at the bottom of the image and smaller at 

the top (>0), or vice versa (<0). 

2.3.2. Segmentation 

Over the last few decades, the enormous development of MR imaging methods 

has opened a variety of study fields due to high image quality and contrast. The 

analysis of MR data has become a tedious and complex task for researchers because 

of the manual extraction of information. Although manual segmentation is often time-

consuming and prone to errors, it is still intensively used due to segmentation problem 

(Birkfellner, 2011). As a consequence, we decided to use manual segmentation in two 

of our experiments. 

Although segmentation is a rather complex and often requiring manual interaction, 

time-efficient, validated and continuously evolving automated methods have been 

extensively used especially for brain evaluation. 

 FSL 

A wide variety of approaches have been proposed for statistical segmentation of 

brain MR images into different tissue classes (i.e. WM, GM and cerebrospinal fluid), 

from which parametric ones are most widely employed (Kundu, 1990). These 

relatively simple methods attempt to determine tissue classes based on probability 

values estimated from the intensity distribution of the image. However, this approach 

has an intrinsic limitation that spatial information is not considered. It may work well 

on images with high contrast and low levels of noise, but these conditions are seldom 

satisfied for real data, where imperfections such as artefacts, partial volume effect or 

bias field distortion are present. In order to address these issues, a novel approach 

developed by Zhang et al. and implemented as FMRIB's Automated Segmentation 

Tool (FAST) was used in one of our experiments (Zhang et al., 2001). FAST segments 

the brain based on a hidden Markov random field model and an associated Expectation 

Maximization algorithm, taking the spatial neighbourhood information into account, 
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whilst also correcting for the bias field. Various outputs, such as partial volume maps 

for each class (Figure 6), a single image containing “hard” (binary) segmentation of 

tissue classes (Figure 7), as well as a restored input image after correction for bias field 

(Figure 8) are generated. 

 

Figure 6. Partial volume maps for cerebrospinal fluid (A), GM (B) and WM (C), where 
each voxel has a value from 0 to 1 that represents the fraction of the specific tissue type 
in that voxel. 

 

Figure 7. The “hard” (binary) segmentation of tissue classes, where each voxel is 
classified into only one class, with a value of 1 for cerebrospinal fluid, a value of 2 for 
GM and a value of 3 for WM. 
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Figure 8. The restored input image of a subject after correction for the bias field (first 
row) and the estimated bias field (second row). 

 FreeSurfer 

Another reliable automated method with high accuracy and reproducibility is 

FreeSurfer software. Given that FreeSurfer was found to be accurate and it is also able 

to segment each subcortical WM (frontal, parietal, temporal and occipital) lobes, we 

decided to use FreeSurfer also in our experiment to assess lobar WM differences. 

Technical details of the automated subcortical segmentation are described in prior 

publications (Fischl et al., 2002; Fischl et al., 2004). 

In brief, the subcortical segmentation stream of FreeSurfer gives automatic 

segmentation and volumetric data of about 40 brain structures including: left and right 

cerebral WM, cerebral cortex, lateral ventricle, inferior lateral ventricle, cerebellum 

WM, cerebellum cortex, thalamus, caudate, putamen, pallidum, hippocampus, 

amygdala, lesion, accumbens area, ventral diencephalon, vessel, the third ventricle, the 

fourth ventricle, the brain stem and the cerebrospinal fluid. FreeSurfer applies several 

pre-processing steps before the segmentation process (Collins et al., 1994; Segonne et 

al., 2004; Sled et al., 1998). After segmentation, lobar WM is created for each voxel 

labelled as WM in the aseg file and its label is reassigned to be that of the closest 

cortical point if its distance is less than 5 mm (Figure 9). Those cortical areas were the 

following for 

 Frontal area: Superior Frontal, Rostral and Caudal Middle Frontal, Pars 

Opercularis, Pars Triangularis, Pars Orbitalis, Lateral and Medial 

Orbitofrontal, Precentral, Paracentral and Frontal Pole regions 
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 Parietal area: Superior Parietal, Inferior Parietal, Supramarginal, 

Postcentral and Precuneus regions 

 Temporal area: Superior, Middle, and Inferior Temporal, Banks of the 

Superior Temporal Sulcus, Fusiform, Transverse Temporal, Entorhinal, 

Temporal Pole and Parahippocampal regions 

 Occipital area: Lateral Occipital, Lingual, Cuneus and Pericalcarine 

regions (https://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation). 

 
Figure 9. A representative image of lobar WM segmentation derived from FreeSurfer. 
Black – right temporal WM, white – right parietal WM, red – right occipital WM, green 
– right frontal WM, blue – left temporal WM, purple – left parietal WM, yellow – left 
occipital WM, beige – left frontal WM 

2.3.3. Registration 

To derive (diffusion related) functional information from the automatically 

segmented brain structures, one further step is required called image registration. 

Registration algorithms can be divided into linear and nonlinear methods depending 

on the type of the transformation models. In order to change the position, orientation 

or shape of the image, a spatial transformation is applied. The transformation model is 

described using degrees of freedom, which is the number of independent ways that the 

transformations can be changed. Mathematically, it is expressed as a set of equations 

relating the old image positions (coordinates) to the new ones. These equations need 

to be restricted (rigid body, affine, etc.) in order to limit the possible deformations of 

the image. Linear transformation will translate, rotate, zoom and shear one image to 

match it with another and usually works fine for within subject registrations. 

Sometimes the differences are such that the linear transformation is not sufficient (e.g. 

between subjects registration), hence local deformations permitted by nonlinear 

methods lead to a better result. 
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To align the previously segmented brain masks to diffusion space, image registrations 

were performed in our study using FMRIB's Linear and Nonlinear Image Registration 

Tools (FLIRT and FNIRT) (Andersson et al., 2007; Jenkinson and Smith, 2001). 
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3. Objectives 

Generally, the aim of our research was to examine molecular alterations of CNS 

diseases in vivo using quantitative MRI methods – like DWI and T2 relaxometry – and 

novel image processing algorithms such as segmentation, registration and mono- and 

bi-exponential data fitting supplemented by advanced statistical approaches. 

Our first experiment targeted relapsing remitting MS patients and matched 

controls to characterize bi-exponential diffusion related signal changes in the NAWM 

areas. Unlike previous studies, this experiment provides deeper insights into the effects 

of age and lesion load on different water fractions. 

Additionally, we wanted to shed additional light on WM diffusion changes with 

respect to epilepsy related diffusion parameters such as age at epilepsy onset (AAO) 

and chronic seizure activity. Therefore, we investigated diffusion changes in the WM 

of mesial-temporal lobe epilepsy patients with unilateral hippocampal sclerosis 

(MTLE-HS) and compared them to an age- and sex-matched control group. We 

hypothesized that chronic WM damage occurs in both the early and late onset disease 

groups, but the extent of that is different according to the timing of epilepsy onset. 

Since the disc degeneration and the associated changes are believed to be crucial 

factors in low back pain, the development of a classification system based on 

quantitative assessment would help to detect the degeneration grade independently of 

human bias or errors. Thus, we planned to investigate the possible intra- and 

interobserver differences and to define quantitative T2 cut-off values with regard to 

two morphological classification systems – Pfirrmann and Schneiderman – in patients 

with intervertebral disc degeneration.  
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4. Materials and methods 

4.1. Bi-exponential diffusion signal decay in normal appearing white 

matter of multiple sclerosis 

4.1.1. Subjects 

Fourteen MS patients (4 M/10 F; age range 22–50 years; mean age±SD 

36.86±9.45 years) with supra- and infratentorial WM lesions were chosen according 

to McDonald criteria [30] from the Department of Neurology, University of Pécs. All 

the patients had relapsing-remitting subtype of MS. Physical disability was measured 

with expanded disability status scale (EDSS) by a clinical neurologist of the 

Department of Neurology, University of Pécs (Kurtzke, 1983). The measurements had 

taken place in the remission phase of the disease and 12 of the patients (86%) received 

chronic immunomodulatory or immunosupressive therapy of which 50% were on 

interferon beta-1a, 42% on interferon beta-1b and 8% on glatiramer acetate treatment. 

MR measurements were performed at least 3 months after the last relapse or steroid 

treatment. Patients with history of alcohol or drug abuse, psychiatric illness, traumatic 

brain injury, neurological disease (other than MS) were excluded from the study. 

The age- and sex-matched control group (N=14, 4 M/ 10F; age range 19–51 years; 

mean age±SD 36.93±9.59 years) were requested to fill out a self-administered 

questionnaire immediately before the MRI examination. The questions were designed 

to focus on general health information, including neurological and psychiatric 

disorders, headache, hypertension, diabetes, medication, previous traumatic brain 

injury and environmental exposures such as alcohol and drugs. Control volunteers 

were excluded if they had abuse of alcohol or drugs, psychiatric illness, traumatic brain 

injury or a history of significant medical or neurological conditions that would be 

associated with remarkable changes in the brain such as diabetes, seizures, stroke, 

transient ischemic attack or migraine headache. For the evaluation of changes in 

diffusion, all participants (14 controls and 14 MS patients) were separately 

dichotomized into two subgroups based on the median age of 36 years as younger 

groups (N=7, 2 M/5F controls and N=7, 2 M/5F MS patients) and older groups (N=7, 

2 M/5F controls and N=7, 2 M/5F MS patients). The average age of younger controls 

(29.00 ± 5.92; range: 19–36 years) and MS patients (28.86 ± 4.71; range: 22–35 years) 

or older controls (44.86 ± 4.18; range: 38–51 years) and MS patients (44.86 ± 4.67; 
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range: 37–50 years) did not differ significantly. Table 1 shows the clinical datasets for 

MS patients dichotomized into two subgroups. 

The experimental protocol was approved by the ethical committee of the University of 

Pécs, and every participant gave and signed their informed consent prior to the 

examinations. 
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Table 1. Clinical characteristics of multiple sclerosis patients 

Clinical variables All patients (N=14) Younger group 
 (<36 years) 

Older group 
 (>36 years) p value† 

TLV (mL) 11.22 ± 13.10 (0.35-48.63) 16.82 ± 16.07 (2.9-48.6) 5.62 ± 6.33 (0.35-19.30) ns** 

TLN 26.07 ± 19.08 (2-63) 34.57 ± 20.86 (7-63) 17.57 ± 13.61 (2-40) ns 

EDSS 1.64 ± 1.57 (0.0-4.0) 1.14 ± 1.24 (0.0-3.5) 2.14 ± 1.80 (0.0-4.0) ns 

DD (years) 2.86 ± 3.45 (0.0-12.5) 2.50 ± 4.47 (0.0-12.5) 3.21 ± 2.34 (1.5-7.5) ns** 

Last relapse before MRI (months) 12.43 ± 13.02 (3.0-48.0) 5.43 ± 3.51 (3.0-11.0) 19.43 ± 15.52 (3.0-48.0) ns** 

Relapses before MRI 3.86 ± 2.88 (1.0-12.0) 4.29 ± 3.68 (2.0-12.0) 3.43 ± 2.0 (1.0-7.0) ns** 

TLV, total lesion volume; TLN, total lesion number; EDSS, Expanded Disability Status Scale; DD, disease duration; MRI magnetic resonance imaging 
Values given as: mean ± standard deviation (range) 
†t-test of differences in clinical variables between younger and older groups of MS 
**Mann-Whitney U test 
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4.1.2. Magnetic resonance imaging 

The measurements were carried out using a 3T Magnetom TIM Trio whole-body 

MRI scanner (Siemens AG, Erlangen, Germany) with a 12-channel phased array head 

coil. Beyond the routine T1-, T2- and diffusion-weighted measurements, fluid 

attenuated inversion recovery (FLAIR) imaging was also performed. 2D FLAIR 

images were acquired with a turbo spin echo sequence: TR/TI/TE=12400/2600/98 ms, 

100 axial slices, slice thickness=1.1 mm, distance factor=0% (i.e. no gap), interleaved 

slice order with 2 concatenation, field of view (FOV)=211×211 mm2, matrix 

size=192×192, bandwidth=286 Hz/pixel, turbo-factor=14. To investigate the bi-

exponential diffusion signal decay, a diffusion-weighted 2D spin-echo echo-planar 

imaging (EPI) sequence using a 3-scan trace mode was performed with the following 

parameters: TR/TE=4800/128 ms, 20 axial slices, slice thickness=3.5 mm, interslice 

gap=1.0 mm, FOV=188×250 mm2, matrix size=144 × 192, bandwidth=1302 Hz/pixel, 

number of averages=5, b-values=0, 500, 1000, 2000, 3000, 4000, 5000 s/mm2. 

Diffusion weighting was applied in the (1.0 1.0 -0.5), (1.0 -0.5 1.0) and (−0.5 1.0 1.0) 

directions, where these are vectors along the physical XYZ axes directions. Trace 

image was formed for each b-value (except b=0 s/mm2) by calculating the geometric 

mean (I) of the signals in the three orthogonal spatial directions (see E.q. 4). 

4.1.3. Data analysis 

Lesion load and normal appearing white matter analysis 

WM lesions were considered if visible (as being hyperintense) on T2-weighted 

and FLAIR images and the extent was larger than 3 mm (Vermeer et al., 2003). A 

neurologist with a clinical and imaging experience in MS, blinded to clinical and 

neuropsychiatric findings performed the lesion load assessments in the Department of 

Neurology, University of Pécs. Lesions were outlined manually on FLAIR images 

using the semi-automated thresholding technique in 3D-Slicer software 

(http://www.slicer.org, Version 3.6.3). The method relied on user-guided specification 

of the intensity threshold range, which was manually adjustable during lesion 

segmentation. The algorithm labels all pixels within the applied threshold range in the 

lesion area identified manually by the user. The volumes of label maps were estimated 

using 3D-Slicer's Label Statistics module. WM lesions were counted and volumes 

were measured (in mL) for each patient. The calculated results were categorized as 
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total lesion volume (TLV) and total lesion number (TLN) from the bilateral frontal, 

parietal, temporal and occipital lobes which were used for further calculations. 

NAWM was defined as an area with normal signal intensity on T1-, T2-weighted and 

FLAIR images. 

ROI measurements 

The free-hand regions of interest (ROIs) were drawn bilaterally and symmetrically 

on images acquired without diffusion weighting gradients (b=0 s/mm2) by referring to 

FLAIR images. ROIs of 19–52 pixels (mean volume: 218.81±44.61 mm3 range: 112–

308 mm3) were placed in the pre-defined normal appearing frontal, occipital and 

centrum semiovale areas of MS patients and controls, where the ROI size did not differ 

significantly. The ROIs of NAWM areas were sampled on a given slice of the image 

series in both control and MS patient groups to avoid possible partial volume effects. 

The selected regions were strictly defined anatomically and partial volume effects 

minimized by inspecting the slices above and below the region in order to avoid 

averaging with lesions, GM or cerebrospinal fluid. The frontal NAWM was sampled, 

where the frontal horns of the lateral ventricles in both hemispheres were visible, the 

occipital lobe ROIs were placed, where the left and right occipital horn of the lateral 

ventricles were clearly defined and ROIs for centrum semiovale were placed on an 

axial slice above the bilateral ventricles (Figure 10). All NAWM ROIs were obtained 

and the diffusion analyses were made by a single observer (S.A.N., MRI radiographer) 

blinded to the clinical details. 

 

Figure 10. Bilateral regions of interest localisations of diffusion measurements: 1-2: 
Frontal WM; 3-4: Occipital WM; 5-6 Centrum semiovale. 
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Diffusion analysis 

Diffusion data processing was carried out using Matlab® software's curve fitting 

toolbox and a self-written program code (The MathWorks, Inc., Natick, MA). 

Apparent diffusion coefficient was measured within each ROI by calculating and 

mono-exponentially fitting the mean signal intensity for the b0, b500 and b1000 

images using E.q. 4. 

The ADC value of each ROI was broken into ADCfast and ADCslow by applying a bi-

exponential fit (E.q. 5) throughout the whole b-value range (b0-b5000). Henceforth, 

ADCfast, ADCslow and fslow are noted as ADCf, ADCs and fs respectively in the thesis. 

The mean ADC, ADCf, ADCs, fs values of NAWM were calculated from ROI-pairs 

separately as frontal, occipital WM and centrum semiovale (Figure 10) and averaged 

as total NAWM. All diagrams in the paper show the mean raw data (uncorrected) of 

total NAWM diffusion. 

Statistical analysis 

Data analysis was performed using SPSS statistical software, version 19.0 (SPSS, 

Inc., Chicago, IL). All measured parameters and clinical data are presented as 

mean±standard deviation. Normality of data distribution was tested by Shapiro-Wilk 

statistics. Homogeneity of variance was shown by Levene's test. Differences were 

established by two-tailed t-tests for Gaussian values with Welch's correction for 

unequal variances, and Mann–Whitney U tests for non-Gaussian distributions. Pearson 

or Spearman correlation tests were used to determine the strength of the relationship 

between two continuous variables. A two-tailed level of p≤0.05 was the significance 

threshold for all statistical analysis. In addition, multiple linear regression model was 

used to assess the relationship of NAWM diffusivity to age and gender in control 

group, while it was used to determine whether NAWM diffusion (dependent variable) 

was related to such predictors as age, gender, TLV, TLN, EDSS or disease duration 

(DD) in patient group. Predictors were introduced in a forward stepwise manner and 

retained in the model only if p<0.05 was achieved. The assumptions of multiple linear 

regressions were satisfied, as judged by testing for linearity, normality assumptions of 

the residues, outliers, independence of errors, homoscedasticity and multi-collinearity 

(Chan, 2004). 
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4.2. Age at onset and seizure frequency affect white matter diffusion 

coefficient in patients with mesial-temporal lobe epilepsy 

4.2.1. Subjects 

Inclusion criteria for patients were the following:  

(1) detailed presurgical evaluation or under the care of an outpatient clinic; 

(2) head MRI with epilepsy-specific protocol; and 

(3) unilateral hippocampal sclerosis. 

Twenty-two patients (14 females) with temporal lobe epilepsy accompanied by 

unilateral hippocampal sclerosis were enrolled in the study (14 right-sided, 8 left-

sided). All patients in the study presented initially to the tertiary epilepsy centre and 

underwent 32- to 64-channel surface noninvasive electroencephalogram (EEG) 

monitoring. The electrodes were placed according to the 10–10 system. The number 

of electrodes and their placement varied individually corresponding to the suspected 

epileptogenic region and side but FP1, F3, C3, P3, O1, F7, FT7, T7, TP7, P7,108 FT9, 

TP9, homologous right-sided electrodes, PZ, CZ, FZ were always used. Thirteen 

patients underwent an adult presurgical evaluation protocol including continuous 

video-EEG monitoring, neuropsychological testing, and high-resolution head MRI 

with epilepsy-specific protocol. The remaining nine patients were examined with long-

term EEG, and they also had high-resolution head MRI with epilepsy-specific 

protocol. Clinical MR images were analysed by a trained neuroradiologist with 23 

years of experience in epilepsy imaging. Neither high resolution head MRI with 

epilepsy-specific protocol nor presurgical evaluation using continuous video-EEG 

monitoring showed the existence of bitemporal epilepsy. Patients with 

neurodegenerative disorders, intracranial tumours, and cognitive deficits and those 

who underwent previous brain surgery were excluded from the study. The following 

clinical data were collected for each patient with MTLE-HS before the MRI 

examination: age, sex, seizure frequency, AAO, DD, level of education, history of 

febrile seizure, occurrence of generalized tonic-clonic seizure within the last 5 years, 

current and previous antiepileptic drugs, head trauma prior to AAO, history of brain 

infections such as encephalitis/meningitis, and possible perinatal complication. 
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Seizure frequency was determined from the seizure diary completed by the patient and 

defined as the mean frequency of complex partial seizures per month during at least 

the last 12 months prior to enrolment. In order to examine the effect of AAO on WM 

diffusion, patients were divided into two groups according to the median AAO: one 

group of patients with early onset MTLE-HS (N=11; 9 females) with AAO≤16 years 

and the other group of subjects with late onset MTLE-HS (N=11; 5 females) with 

AAO>16 years. All patients were taking antiepileptic medication at the time of study. 

Six patients (1 patient with early onset MTLE-HS) were treated with a single drug 

(carbamazepine [CBZ], levetiracetam [LEV], oxcarbazepine [OXCBZ], or valproate 

[VPA], whereas sixteen patients (10 patients with early onset MTLE-HS) received 

more than one drug. Lamotrigine (LTG) and clobazam were used most frequently as 

adjunct drugs in these cases. Carbamazepine/OXCBZ or sodium channel blockers 

(LTG, CBZ, OXCBZ, and lacosamide) as a group or drug polytherapy showed no 

significant effect on diffusion in the ipsilateral hemispheric and temporal lobe WM or 

in the uncinate fasciculus. Therefore, these variables were not considered as 

confounding factors in the final statistical models. Clinical and demographic details 

for patients with MTLE-HS are summarized in Table 2. 
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Table 2. Clinical and demographic details for MTLE-HS patients. 

Investigated data 
MTLE-HS patients 

Early onset group (N=11) Late onset group (N=11) Total (N=22) 

age (years)a 39.3±13.8 (19-61) 47.4±13.7 (20-63) 43.3±14.1 (19-63) 

seizure frequencya, ‡ 4.7±5.4 (0-20) 3.2±5.3 (0-18) 4.0±5.2 (0-20) 

AAO (years)a 7.6±5.5 (1-16) 38.3±13.5 (17-57) 23.0±18.6 (1-57) 

level of education (years)a 12.7±3.5 (8-17) 11.8±2.9 (8-16) 12.3±3.1 (8-17) 

history of febrile seizure 5   2 7 

occurrence of GTCS 3 5 8 

head trauma prior to AAO 0 2 2 

mild encephalitis/meningitis 3 0 3 

perinatal complication 1 0 1 

MTLE-HS: Mesial-temporal lobe epilepsy with hippocampal sclerosis; AAO: age at epilepsy onset; GTCS: generalized tonic-
clonic seizure within the last 5 years. 
a Values given as: mean ± standard deviation (range). 
‡ Seizure frequency was defined as the mean frequency of complex partial seizures per month during at least the last 12 months 
prior to enrolment. 
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Twenty-two healthy control subjects (14 females; age range: 19–66 years; mean age: 

43.5±14.4 years) were also examined and matched for age and sex to the patient group 

with early onset MTLE-HS (N=11, 9 females; age range: 19–56 years; mean age: 

39.4±13.9 years) and the patient group with late onset MTLE-HS (N=11, 5 females; 

age range: 21–66 years; mean age: 47.6±14.2 years). Control volunteers were not 

included if they had a history of alcohol or drug abuse, psychiatric illness, traumatic 

brain injury, or history of significant medical or neurological conditions that would be 

associated with remarkable changes in the brain such as seizures, stroke, or migraine 

headache. 

4.2.2. Magnetic resonance imaging 

All the measurements were carried out using a 3T Magnetom TIM Trio whole-

body MRI scanner (Siemens AG, Erlangen, Germany). In all patients, at least two MRI 

examinations were performed: a) An MRI with epilepsy-specific protocol which is 

part of our standard clinical practice and which also screened for HS as an inclusion 

criterion for this study. Beyond the routine axial, coronal T2- weighted measurements, 

the epilepsy-specific protocol also contained the 2D FLAIR imaging sequence with fat 

suppression and T1-weighted high-resolution images (voxel size: 0.98×0.98×0.98) to 

detect subtle structural alterations in the mesial temporal lobe. Routine DWI was 

carried out to localize the epileptogenic foci. b) An MRI with research protocol was 

also obtained for all patients between January 2013 and June 2015 at least 48 h after 

the last ictus. For tissue segmentation and registration, a T1-weighted 3D 

magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence 

was utilized using the following parameters: TR/TE/TI=2530/3.4/1100 ms; flip 

angle=7°; 176 sagittal slices; slice thickness=1 mm; FOV=256×256 mm2; matrix 

size=256×256; bandwidth=200 Hz/pixel. To investigate diffusion signal changes, a 

diffusion-weighted 2D spin-echo EPI sequence using a 3-scan trace mode was 

performed (TR/TE=4800/128 ms; slice thickness=3.5 mm; interslice gap=1 mm; 

FOV=188×250 mm2; matrix size=144×192; bandwidth=1302 Hz/pixel; number of 

averages=5; b-values=0, 500, 1000 s/mm2). Diffusion weighting was applied in the 

(1.0 1.0 −0.5), (1.0 −0.5 1.0), and (−0.5 1.0 1.0) directions. Trace image was formed 

for each b-value (except b=0 s/mm2) by calculating the geometric mean (I) of the 

signals in the three orthogonal spatial directions (see E.q. 4). 
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4.2.3. Data analysis 

Pre-processing 

Diffusion data were first corrected for eddy current distortion and simple head 

motion using a 12-degrees-of-freedom affine registration to the volume without 

diffusion-weighting (Rohde et al., 2004). The Brain Extraction Tool, provided by 

FMRIB Software Library, was applied on both MPRAGE and DWI data to eliminate 

nonbrain tissues (Smith, 2002). 

Regions of interest analysis 

Subcortical hemispheric WM was segmented by FAST to evaluate global WM 

deviations (Zhang et al., 2001). In order to examine regional subcortical WM 

abnormalities, frontal, temporal, parietal, and occipital WM lobes were segmented 

using Freesurfer 5.3 image analysis suite (https://surfer.nmr.mgh.harvard.edu/) (Fischl 

et al., 2002). Error correction was performed when necessary, based on the 

recommended reconstruction workflow 

(https://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction). To 

evaluate diffusion changes in specific WM bundles, three regions of the limbic tracts 

(left and right hippocampal cingulum, fornix cres with stria terminalis, uncinate 

fasciculus) and one region of association tract (left and right sagittal stratum including 

inferior longitudinal fasciculus and inferior fronto occipital fasciculus) were created 

as ROIs using ICBM-DTI-WM atlas with reference to the MRI (Oishi et al., 2010). 

These regions were chosen because they present the location where functional 

abnormalities have been consistently observed in patients with MTLE-HS (Ahmadi et 

al., 2009; Diehl et al., 2008). Image registrations were performed using FLIRT and 

FNIRT (Andersson et al., 2007; Jenkinson and Smith, 2001). For tract-based analysis, 

MPRAGE images were spatially registered into MNI152 T1-weighted 1-mm standard 

space image using a two-step process: 1) brain-extracted MPRAGE was linearly 

registered to standard space with 12-degrees-of-freedom, and 2) after registration was 

refined by FNIRT, an inverse transformation was applied to warp the ICBM-DTI-WM 

atlas labels into the MPRAGE space. In order to derive WM labels, the brain-extracted 

b0 image of each subject was linearly registered to that subject's brain-extracted 

MPRAGE image using a 6-degrees-of-freedom linear fit. Finally, the inverse of the 

spatial transformation from diffusion space to MPRAGE space was applied to align 

the segmented brain masks to diffusion space, where diffusion analyses were 
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performed. The resulting masks were eroded by using a 2D kernel of 3×3×1 voxels to 

avoid partial volume effects and to minimize possible impacts of misregistration. 

Regions of interest were defined as the eroded WM masks and obtained separately for 

both left and right sides of the structures (Figure 11). 

 

Figure 11. Representations of the regions of interest analysis. Regional averages of 
ADC values were extracted from diffusion-weighted images using eroded masks of the 
left and right hemispheric WM (A); temporal, occipital lobes WM (B); frontal, parietal 
lobes WM (C); Uncinate Fasciculus (UNC); Fornix cres with Stria terminalis (FX with 
ST); Hippocampal Cingulum (HCg); Sagittal Stratum (SS) include inferior longitudinal 
fasciculus and inferior fronto-occipital fasciculus (D). Images are presented in 
radiological convention. 

Diffusion analysis 

Diffusion data processing was carried out using Matlab® software's curve fitting 

toolbox and a self-written program code (The MathWorks, Inc., Natick, MA). 

Apparent diffusion coefficient was measured within each ROI by calculating and 

mono-exponentially fitting the mean signal intensity for the b0, b500, and b1000 

images using the equation of E.q. 4. 
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Statistical analysis 

Data analyses were performed using SPSS® statistical software version 20.0 (IBM 

Corp., Armonk, NY). Differences were estimated by independent two-tailed t-tests for 

Gaussian values. Before using parametric t-tests, the homogeneity of variance was 

inspected by Levene's test, while the normality of data was examined by Shapiro–Wilk 

statistics for independent samples. Welch's correction was applied for parametric data 

demonstrating unequal variances. Multiple linear regression models were constructed 

to determine whether ADC was related to AAO, seizure frequency, age, sex in patients 

and to age and sex in the control group. The assumptions of multiple linear regressions 

were satisfied, as judged by testing for linearity, normality assumptions of the residues, 

outliers, independence of errors, homoscedasticity, and multi-collinearity (Chan, 

2004). Results were considered significant at p≤0.05 for all statistical tests. 

4.3. A Statistical Model for Intervertebral Disc Degeneration: 

Determination of the Optimal T2 Cut-Off Values 

4.3.1. Subjects 

Twenty-one patients (13 females, 8 males; age range: 14–80 years; mean age 

51.14±18.88 years) with single or recurrent episode of low back pain were examined. 

All the patients in this study presented initially to the outpatient spine clinic and then 

were referred for a lumbar MRI. Exclusion criteria were contraindication for MRI, 

previous malignant disease or injury in the lumbar spine. No patients had evidence of 

lumbar disorders except IVDD or herniation. The experimental protocol was approved 

by the local Ethical Committee and performed in accordance with the ethical standards 

described in the Declaration of Helsinki (1964). Every participant was informed about 

the procedure and signed their informed consent prior to the examination. 

4.3.2. Magnetic resonance imaging 

The measurements were carried out using a 3T Magnetom TIM Trio whole-body 

MRI scanner (Siemens AG, Erlangen, Germany) using a dedicated eight-channel spine 

coil (3T Spine matrix Coil, Siemens AG, Erlangen, Germany). Both morphological 

and quantitative MRI was performed covering the intervertebral discs L1-L2 to L5-

S1. Beyond the conventional sagittal, axial T2- and T1-weighted measurements, T2 

relaxometry was also performed. Quantitative multi-echo T2 imaging was carried out 

using a CPMG imaging sequence in the sagittal section with the following parameters: 
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TR=2370 ms; 20 equally spaced echoes between 10 and 200 ms; slice thickness=6 

mm; interslice gap=1 mm; FOV=256×256 mm2; matrix=256×256; bandwidth=186 

Hz/px; number of averages=1. All the imaging sequences were acquired without fat 

suppression. 

4.3.3. Data analysis 

Morphological evaluation 

All discs were classified morphologically according to the Pfirrmann and 

Schneiderman classification systems on sagittal T2W turbo spin echo images by three 

neuroradiologists with 9, 10, and 12 years of experience in MR image analysis of the 

spine, respectively. The three neuroradiologists blindly classified the grade of disc 

degeneration as grade I–V in the midsagittal section according to the Pfirrmann 

classification (Pfirrmann et al., 2001) [4], while the Schneiderman scheme was 

classified as grade 0–3 depending on the degeneration level (Grade 0: normal height 

and signal intensity; Grade 1: speckled pattern or heterogeneous decreased intensity; 

Grade 2: diffuse loss of signal; and Grade 3: signal void) (Schneiderman et al., 1987). 

The morphological classification of disc degeneration was assessed independently; 

therefore differences were not settled by consensus. For intraobserver reliability 

analysis, three experienced observers analysed all scans twice, with an interval of 5 

months, and intraobserver differences between the separate occasions were calculated 

thereafter. Interobserver reliability was measured between only the first readings of all 

observers. 

Quantitative assessment 

For T2 measurements, ROIs were manually drawn on a pre-selected echo (TE=130 

ms) over the inner portion of the lumbar disc to cover the NP. To minimize the errors, 

all measurements were performed by a single investigator and the ROIs were sampled 

on a given slice of the midsagittal section of the NP to avoid possible partial volume 

effects (Figure 12). T2 relaxation time data processing was carried out in each ROI by 

one of the authors (S.A.N.) with the non-negative least squares algorithm using 

Matlab® software’s curve fitting toolbox and a self-written program code (The 

MathWorks, Inc., Natick, MA). For T2 measurements, the odd echoes were excluded 

to minimize the error from stimulated echoes (Maier et al., 2003). The signal at each 

remaining point was measured and plotted as a function of time on a semi-log scale 
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where no curvature was found; therefore T2 relaxation time was measured by mono-

exponentially fitting the mean signal intensity using equation E.q. 6. 

 

Figure 12. Regions of interest placement of the lumbar discs with the corresponding 
normalized semi-log plots of signal versus echo time. 

Statistical analysis 

Data analysis was performed using SPSS statistical software ® version 19.0 

(SPSS, Inc., Chicago, IL). Multiple linear regression model was used to determine 

whether IVDD and T2 values were related to such predictors as age, gender, herniation 

and previous low back surgery. Predictors were introduced in a forward stepwise 

manner and retained in the model only if p≤0.05 was achieved as determined with the 

F-test. The assumptions of multiple linear regressions were satisfied, as judged by 

testing for linearity, normality assumptions of the residues, outliers, independence of 

errors, homoscedasticity, and multi-collinearity (Chan, 2004). To test intraobserver 
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reliability Cohen’s Kappa analysis was used by the bootstrap method with 1,000 

replications, while interobserver agreement among multiple observers was calculated 

according to generalized Kappa statistics based on the standard least square approach 

(Landis and Koch, 1977). Chi-square analysis was performed to determine whether 

the observed counts significantly differ from the expected distribution. In addition, 

receiver operating characteristic analysis was performed among grades to determine 

the T2 cut-off values in each classification. Kappa statistics were interpreted as 

follows: values between 0 and 0.2 indicate slight agreement, 0.21–0.4 indicates fair 

agreement, 0.41–0.6 indicates moderate agreement, 0.61–0.8 indicates substantial 

agreement and >0.81 indicates almost perfect agreement (Viera and Garrett, 2005). 

The level of p≤0.05 was the significance threshold for all statistical analysis. 
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5. Results 

5.1. Bi-exponential diffusion signal decay in normal appearing white 

matter of multiple sclerosis 

5.1.1. MS lesions volume 

The mean TLN was 26.07±19.08 and the mean TLV was 11.22±13.10 mL. Both 

the mean TLN and TLV were higher in the younger group compared with the older 

MS group (Table 1). Frontal lesions represented the greatest percentage of TLN 

(55.07%) and TLV (34.35%). Regional and total lesion numbers or volumes were 

correlated; in case of lesion number, frontal and parietal areas showed the highest 

correlation with TLN (p<0.0001; Pearson r=0.94 and 0.95, respectively); while lesion 

volumes of temporal and frontal areas robustly correlated with TLV (p<0.0001; 

Spearman r=0.93 and 0.84 respectively). There was a strong positive association 

between the TLN and TLV (p=0.008; Spearman r=0.67). 

5.1.2. Significance of the investigated predictors 

The stepwise multiple linear regression analyses revealed that the NAWM 

diffusivity of MS patients was significantly related to age (p=0.03) and TLN (p=0.04), 

but no significant association with TLV, EDSS and DD was found. There was no effect 

of gender in either control or patient groups. These independent parameters were not 

considered as confounding factors in later statistical models. 

5.1.3. Mono- and bi-exponential analysis of NAWM diffusivity 

In controls, ADC slightly increased with age in NAWM areas (bilateral frontal and 

occipital WM; centrum semiovale) as well as total NAWM (Figure 13); however the 

difference between the younger and older age groups was not significant. 
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Figure 13. The figure illustrates the age-dependent changes of ADC (●─ p=0.09 r=0.48) 
and fs values (○---p=0.13 r=-0.43) in control subjects. 

ADC, apparent diffusion coefficient; fs, volume fraction of slow diffusing component 

In MS patients, linear regression analysis showed a decreasing trend of TLN with 

increase of age (p=0.21 r=−0.36); however ADC values of NAWM inversely related 

to age and depend linearly on TLN (Figure 14 and 15). 

 

Figure 14. The diagram shows a significant negative relationship of ADC with age in 
MS patients (p=0.03), nevertheless the unfilled square markers depict a notable age-
dependent increase of fs (p=0.02). In case of young MS patients having elevated lesion 
number ADC values are higher, while fs values are lower compared with older patients. 

*Adjusted for total lesion number. 

ADC, apparent diffusion coefficient; MS, multiple sclerosis; fs, volume fraction of slow 
diffusing component 
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Figure 15. The figure depicts the relationship between total lesion number and diffusion 
measurements of both ADC and fs in MS patients. ADC significantly increases (p=0.04) 
while fs decreases (p=0.05) with total lesion number causing higher ADC values, but 
lower fs in patients with elevated lesion number. 

**Adjusted for age. 

ADC, apparent diffusion coefficient; MS, multiple sclerosis; fs, volume fraction of slow 
diffusing component 

Centrum semiovale showed the strongest negative relationship of ADC against age 

adjusted for TLN (p=0.007 r=−0.49, not shown), while only the ADC of total NAWM 

depicted significantly positive relation as a function of TLN. ADC was robustly 

different between controls and MS patients when considering all participants or 

younger groups; however in older groups the ADC was similar and no significant 

differences were found in NAWM (Table 3). 
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Table 3. Comparison between diffusion measurements of MS patients and 
control subjects in all participants, younger and older groups 

Groups Localisation 
p values of MS patients vs. controls 

ADC ADCf ADCs fs 

All 
participants 

Frontal WM <0.05 ns** ns 0.08 
Occipital WM <0.01 ns ns* ns 

Centrum semiovale <0.001 <0.01 ns <0.05 
Total NAWM <0.001 <0.05 ns* <0.05 

Younger 

Frontal WM <0.01 ns ns** 0.06 
Occipital WM <0.05 ns ns <0.05** 
Centrum semiovale <0.001 <0.001 ns <0.001 
Total NAWM <0.001 0.05 ns* <0.01 

Older 

Frontal WM ns ns ns ns 
Occipital WM ns ns ns* ns 
Centrum semiovale ns ns ns* ns 
Total NAWM ns ns ns* ns 

WM, white matter; NAWM, normal appearing white matter; MS, multiple sclerosis; ADC, apparent 
diffusion coefficient; ADCf and ADCs, fast and slow diffusing component; fs, volume fraction of 
slow diffusing component 
*Welch correction 
**Mann-Whitney U test 

The results of bi-exponential analyses of NAWM are listed in Table 3 and 4. 

Significant inverse correlations were found between ADC and fs in both controls and 

MS patients. However, there was no association between ADC and ADCs or ADCf in 

any of the examined NAWM using Pearson correlations (data not shown). ADCf and 

ADCs did not change as a function of either age in controls or lesion number and age 

in MS patients. Figure 13 shows a decreasing trend of fs with age in controls, but the 

difference between the two age groups was not significant. In MS patients, fs increased 

as a function of age and decreased with TLN in NAWM. These relations were 

significant in total NAWM (Figure 14 and 15). In case of regional analysis, only 

centrum semiovale depicted a significant positive relation of fs with age (p=0.003 

r=0.75 adjusted for TLN; not shown), while only frontal WM represented an inverse 

significant relationship of fs as a function TLN (p=0.04 r=−0.57 adjusted for age; not 

shown). In MS patients, fs was significantly different between younger and older 

groups in total NAWM and centrum semiovale (Table 4), moreover younger controls 

and MS patients showed the most significant difference in the same areas (Table 3). 
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Table 4. Mean diffusion measurements ± SD (10-4 mm2/s) and p values of NAEM in multiple sclerosis patients 

Localisation Groups ADC p value 
(ADC) ADCf 

p value 
(ADCf) 

ADCs 
p value 
(ADCs) 

fs (%) p value 
(fs) 

Frontal WM younger 7.20 ± 0.51 <0.05 12.71 ± 0.42 ns 0.78 ± 0.13 ns 25.60 ± 3.88 ns 
older 6.58 ± 0.39 12.43 ± 0.51 0.79 ± 0.13 28.18 ± 2.53 

Occipital WM younger 7.54 ± 0.62 ns 12.28 ± 1.15 ns** 0.84 ± 0.22 ns 23.34 ± 2.18 ns older 7.25 ± 0.48 12.50 ± 0.50 1.08 ± 0.33 26.54 ± 3.64 

Centrum semiovale younger 7.21 ± 0.47 <0.01 12.61 ± 0.36 ns 0.98 ± 0.13 ns* 25.96 ± 2.76 <0.01 older 6.60 ± 0.28 12.60 ± 0.86 1.19 ± 0.33 31.10 ± 3.36 

Total NAWM 
younger 7.31 ± 0.43 

<0.05 
12.54 ± 0.36 

ns 
0.87 ± 0.12 

ns* 
24.97 ± 2.38 

<0.01 older 6.80 ± 0.23 12.50 ± 0.39 1.02 ± 0.21 28.61 ± 1.89 
SD, standard deviation; WM, white matter; NAWM, normal appearing white matter; ADC apparent diffusion coefficient; ADCf and ADCs, fast and slow 
diffusing component; fs, volume fraction of slow diffusing component 
*Welch correction 
**Mann-Whitney U test 
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Accuracy of the bi-exponential parameters considerably depends on the noise level, 

however the SNR was large enough even on the images acquired with high b-values. 

Figure 16 shows representative diffusion maps (a) and mean SNR values (b) for both 

the MS and control groups. 

 

Figure 16a shows the diffusion maps of a representative normal control and an MS 
patient. Figure 16b illustrates the average diffusion-weighted signal decay on 
logarithmic scale with bi-exponential and mono-exponential fits for the NAWM of the 
two examined groups. The SNR (i.e. average signal intensity over the standard deviation 
of the noise) is also demonstrated for each b-value. Intensity values with their standard 
deviations are shown in normalized units. 

ADC, apparent diffusion coefficient; ADCf and ADCs, fast and slow diffusing 
component; fs, volume fraction of slow diffusing component; MS, multiple sclerosis 
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5.2. Age at onset and seizure frequency affect white matter diffusion 

coefficient in patients with mesial-temporal lobe epilepsy 

ADC values measured in patients were presented as the side ipsilateral and 

contralateral to the seizure focus and compared with the corresponding side of healthy 

controls. 

5.2.1. Differences between groups 

Except for the ipsilateral hemispheric and temporal lobe WM and the uncinate 

fasciculus, none of the other regions showed ADC difference between patients and 

controls. There was a significant ADC difference of the ipsilateral hemispheric WM 

between the whole patient and the control groups (Figure 17A). Here, patients in the 

group with early onset MTLE-HS showed higher ADC compared with their matched 

controls, but it disappeared in the group with late onset MTLE-HS (Table 5). In the 

ipsilateral temporal lobe WM, ADC was only borderline higher (p=0.056) in the whole 

patient group compared with controls (Figure 17B). 

 

Figure 17 shows DWI images overlaid with color-coded ipsilateral hemispheric (upper 
left of A) and temporal lobe WM (upper right of B) ADC values in a representative 
MTLE-HS patient and a control subject. The box- and whiskers plots show the 
distribution of ADC values in the ipsilateral hemispheric (lower left of A) and temporal 
lobe WM (lower right of B) of MTLE-HS patients (N=22) and control subjects (N=22). 
The whiskers in the plot represent the minimum and the maximum ADC values, the 
cross depicts the mean while the band inside the box shows the median ADC. 

MTLE-HS: Mesial-temporal lobe epilepsy with hippocampal sclerosis; ADC: Apparent 
diffusion coefficient. 
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Conversely, ADC was significantly elevated (p=0.01) in patients with early onset 

MTLE-HS (8.21±0.30) compared with controls (7.88±0.29), but this association was 

missing in patients with late onset MTLE-HS (Table 5). In the ipsilateral uncinate 

fasciculus, a significant ADC difference was observed (p=0.02) between the whole 

patient (7.93±0.50) and control groups (7.61±0.36); however, neither the patient group 

with early nor that with late onset MTLE-HS showed significant ADC elevation 

compared with controls (Table 5). 

Table 5. Diffusion differences in the ipsilateral WM areas. 
 Groups Hemispheric 

WM 
Temporal lobe 

WM 
Uncinate 
fasciculus 

M
T

L
E

-H
S 

vs
. C

on
tr

ol
 

Whole p=0.01 p=0.056 p=0.02 

Early onset p=0.04 p=0.01 ns* 

Late onset ns ns ns 

MTLE-HS: Mesial-temporal lobe epilepsy with hippocampal sclerosis; WM: white matter; ns: 
not significant. 
*Independent two-tailed t-test with Welch correction for unequal variances. 

5.2.2. Differences within groups 

Patients with early onset disease had higher ADC (p=0.04) in the ipsilateral side 

of temporal lobe WM (8.21±0.30) compared with that in the contralateral side 

(7.97±0.20), but this difference was not present in the group with late onset MTLE-

HS. Besides the temporal lobe WM, data derived from patients were not significantly 

different between the ipsi- and the contralateral sides. Multiple linear regression 

analysis indicated significant effects of AAO, age, and seizure frequency on ADC, 

while no sex differences were observed in patients. There were no significant effects 

of either age or sex on ADC in controls. In the whole patient group, ADC showed 

negative relationship with AAO in the ipsilateral side of the hemispheric and temporal 

lobe WM and the uncinate fasciculus while ADC was positively related to age in the 

ipsilateral hemispheric WM and the uncinate fasciculus (corrected p and r values are 

in Table 6). In patients with early onset MTLE-HS, ADC was negatively related to 

AAO in the ipsilateral hemispheric WM (Table 6) and the uncinate fasciculus (Table 

6, Figure 18A). In the ipsilateral temporal lobe WM, ADC tended to decrease as a 

function of AAO, but no significant correlation was found between them (Table 6). In 

patients with late onset MTLE-HS, AAO had no contribution to ADC, but seizure 
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frequency revealed a significantly positive influence on diffusion in the ipsilateral 

uncinate fasciculus (Table 6, Figure 18B). 

Table 6. Multiple linear regression analysis of the ipsilateral WM structures in 
patients†. 

Groups Clinical 
variables 

Hemispheric 
WM 

Temporal lobe 
WM 

Uncinate 
fasciculus 

W
ho

le
  

M
T

L
E-

H
S AAO p=0.02 (-0.54) p=0.001 (-0.70) p=0.006 (-0.61) 

Age p=0.009 (+0.58) ns p=0.03 (+0.51) 
seizure 

frequency ns ns ns 

Sex ns ns ns 

E
ar

ly
 o

ns
et

 
M

T
L

E-
H

S AAO p=0.03 (-0.76) ns p=0.03 (-0.76) 
Age ns ns ns 

seizure 
frequency ns ns ns 

Sex ns ns ns 

L
at

e 
on

se
t 

M
T

L
E-

H
S AAO ns ns ns 

Age ns ns ns 
seizure 

frequency ns ns p=0.03 (+0.75) 

Sex ns ns ns 
†Results are presented as corrected p values and linear correlation coefficients (r). 
MTLE-HS: Mesial-temporal lobe epilepsy with hippocampal sclerosis; WM: white matter; 
AAO: Age at epilepsy onset; ns: not significant. 

 

Figure 18. Partial regression plots demonstrating the influence of AAO in early onset 
disease (A) and seizure frequency in late onset patients (B) on ADC in the ipsilateral 
uncinate fasciculus. The lines indicate the slope as fitted by linear regression and the 
95% confidence intervals. Linear correlation coefficients (r) are also presented. 

MTLE-HS: Mesial-temporal lobe epilepsy with hippocampal sclerosis; ADC: Apparent 
diffusion coefficient; AAO: Age at epilepsy onset. 
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5.3. A Statistical Model for Intervertebral Disc Degeneration: 

Determination of the Optimal T2 Cut-Off Values 

In total, 21 patients with IVDD were evaluated using midsagittal sections of T2W 

MR images by three independent neuroradiologists. Among the 105 discs, one disc 

had to be excluded from further post-processing due to previous low back surgery in 

the preceding 6 months; therefore, all further analysis could be done on a total of 104 

intervertebral discs. 

5.3.1. Significance of the Investigated Predictors 

The stepwise multiple linear regression analyses revealed that the T2 values and 

the grades of morphological categories in IVDD were significantly related to age 

(p<0.0001), but no significant association with gender, herniation, and previous low 

back surgery was found. These independent parameters were not considered as 

confounding factors in later statistical models. 

5.3.2. Intra- and interobserver Reliability 

Significant differences were found between the observers in the grading 

measurements of the Pfirrmann category according to Chi-square analysis (Cramer’s 

V value=0.172; p=0.018). In the Schneiderman classification, no differences were 

found between the observers. During the evaluation of individual grades, the lowest 

interobserver agreement was found in the Pfirrmann grades III and IV, while the 

Schneiderman grades 1 and 2 showed moderate and fair agreement (Table 7). 

Intraobserver agreements in the Pfirrmann scheme were 0.83 (observer A), 0.73 

(observer B) and 0.96 (observer C), while the Schneiderman classification showed 

0.81, 0.77, and 0.99 kappa values, respectively. 
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Table 7. Multi-rater generalized kappa values with upper and lower 95% confidence 
intervals for interobserver agreement.a 
Classifications Grades Kappa 95% Confidence intervals 

Pfirrmann overall 0.46 0.40-0.52 
 I 0.77 0.50-1.05 
 II 0.40 0.13-0.67 
 III 0.33 0.04-0.62 
 IV 0.36 0.08-0.64 
 V 0.63 0.36-0.90 
Schneiderman overall 0.51 0.45-0.58 
 0 0.78 0.50-1.06 
 1 0.51 0.24-0.79 
 2 0.35 0.04-0.65 
 3 0.57 0.28-0.86 

a Inter-observer reliability is displayed between only the first readings of all observers and 
calculated among 104 discs. 

5.3.3. Quantitative T2 Analysis: Age and Morphological Classifications 

The mean T2 value (±SD) in the 104 lumbar discs of IVDD was 78.35±24.20 ms. 

Multiple linear regression analysis revealed a highly significant inverse correlation 

between T2 values and age (Figure 19), while the grades of IVDD significantly 

increased as a function of age (Figure 20 A, B). 

 

Figure 19 shows the average T2 values as a function of age in patients with IVDD (n=21; 
the lines indicate the slope as fitted by linear regression and the 95% confidence 
intervals). 
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Figure 20. Grading scores as an average of three independent observers revealed a 
significant elevation of degenerative changes with age according to the Pfirrmann (A) 
and Schneiderman (B) classifications. The lines indicate the slope as fitted by linear 
regression and the 95% confidence intervals. 

Figure 21 shows the frequency of T2 values in ROIs with different Pfirrmann grades. 

Grades I/II; II/III, and IV/V were clearly separated from each other, however 

pronounced overlap was depicted between grades III and IV, which corroborate with 

low interobserver kappa values. 

 

Figure 21 depicts the frequency histogram of T2 values in each Pfirrmann grade. The 
distribution of T2 values in each Pfirrmann grade shows pronounced overlap between grade 
III and IV, however the T2 cut-off value (64.5 ms) indicates the degeneration level with 
100 % sensitivity and 75 % specificity (Table 8). The number of examined discs, where the 
decisions of the observers agreed with each other: Pfirrmann I N=9; Pfirrmann II N=6; 
Pfirrmann III=12; Pfirrmann IV=6; Pfirrmann V=11. 
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5.3.4. Receiver Operating Characteristic Analysis 

Receiver operating characteristic analysis was performed on different Pfirrmann 

and Schneiderman grades and their cut-off values were calculated. According to the 

Pfirrmann classification, the T2 ranges of disc degeneration were as follows: grade I 

(≥119.8 ms), grade II (90.2–119.7 ms), grade III (64.5–90.1 ms), and grade IV (49.0–

64.4 ms) grade V (≤48.9 ms). In Pfirrmann grades I/II and II/III T2 cut-off values were 

determined with 100 % sensitivity and specificity, while these values were somewhat 

lower, but within the high accuracy range for grades III/IV and IV/V (area under the 

curve 0.94 and 0.68, respectively). Similar results were observed in the Schneiderman 

classification scheme, however a significant difference was still apparent between 

grades 2 and 3 (Table 8). 

Table 8. Receiver operating characteristic analysis of T2 cut-off values with regard to 
morphological classifications. 

Categories Grades T2 cut-off 
values (ms) 

Sensitivity 
(%) 

Specificity 
(%) 

AUC p-
values 

Pfirrmann I vs II <119.8 100 100 1 <0.005 
 II vs III <90.2 100 100 1 <0.001 
 III vs IV <64.5 100 75 0.94 <0.05 
 IV vs V <49.0 64 100 0.68 ns 

Schneiderman 0 vs 1 <110.3 91 100 0.99 <0.0005 
 1 vs 2 <86.3 100 100 1 <0.0001 
 2 vs 3 <53.8 65 71 0.74 <0.05 

Receiver operating characteristic analysis of the average T2 values was performed among 
grades when the decisions of the observers agreed with each other. Pfirrmann I N=9, Pfirrmann 
II N=6, Pfirrmann III N=12, Pfirrmann IV N=6, Pfirrmann V N=11; Schneiderman 0 N=9, 
Schneiderman 1 N=11, Schneiderman 2 N=14, Schneiderman 3 N=17 
AUC: area under the curve 

  



54 
 

 

6. Discussion 

In the past, the discipline of radiology started with the ability to discern shadows 

on x-ray images that were abnormal. X-ray imaging was the most modern, state-of-

the-art method for a long time but many years later abnormalities can be evaluated on 

cross-sectional images. Computed tomography and then MR were able to not only 

observe, but also define and locate the pathological conditions. In the 21st century, 

neuroimaging has rapidly developed and there was a growing interest for identifying 

pathologic conditions in vivo. Nowadays non-ionizing MRI has a prominent role in 

imaging and opened a new avenue to study abnormalities in the CNS. MRI is now 

widespread and generally used qualitatively, however advanced MRI techniques have 

an increasing role in diagnostics due to the benefits of quantification. The 

quantification of MR data is possible by using modern image processing tools. The 

development of such evaluation software packages has been accelerated in the last 

decade, partly due to the enormous improvement of the scanner hardware but mostly 

by the revolution in modern information technology. 

For the reasons above, a variety of advanced quantitative MRI techniques found their 

place in clinical practice and in research. These advanced techniques offer more than 

the anatomical information provided by the conventional MRI sequences. Rather, they 

generate physiologic data and information on chemical composition. Thus a great 

variety of disease in the CNS can be judged as macro- and microstructural, metabolic, 

perfusion or diffusion alterations. By now, advanced MR methods and novel image 

processing algorithms are considered mature and used to quantitatively evaluate a 

variety of CNS diseases. 

 Diffusion alterations in the normal appearing white matter 

DWI is one of the most promising techniques because it is able to detect changes 

in the brain that are invisible for conventional imaging methods. As stated previously, 

diffusion can be characterized by a single parameter called ADC, where diffusion 

related signal decay is assumed to be mono-exponential. However, it has been clearly 

demonstrated that high b-value diffusion measurements can be fitted to a pair of 

exponentials (see details in introduction). The analysis of diffusion related signal decay 

in the NAWM was already performed in different pathological conditions such as MS, 

tuberous sclerosis, Alzheimer's disease, subarachnoid haemorrhage, leukoaraiosis 
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(Caramia et al., 2002; Garaci et al., 2004; Hanyu et al., 1997; Liu et al., 2007; Schmidt 

et al., 2010). 

In the past decade our research group has been paying special attention to reveal mono- 

and bi-exponential diffusion changes in different pathological conditions such as MS, 

epilepsy, migraine and different brain tumours. It appears that the analysis of diffusion 

related signal decay and the calculated diffusion parameters provide a sensitive and 

reliable way to test cellular and subcellular changes that follow pathological 

conditions. The change in those parameters is usually not specific, but it might unfold 

morphological/functional characteristics or prior events which are not detected by 

conventional T1- and T2-weighted imaging. As a consequence, DWI is now routinely 

included in diagnostic intracranial and extracranial MR protocols in which the mono-

exponentially calculated ADC is an important part of the evaluation process. 

Recent observations of our research group showed that both mono- and bi-exponential 

approaches have a role in evaluating NAWM of glioma and meningioma patients. 

According to this study, the effect of infiltrating tumour cells is not the only reason for 

the alterations in the NAWM. Complex mechanisms related to the secretory activity 

of the tumours are also assumed to be important in both infiltrative and non-infiltrative 

diseases (Horvath et al., 2016b). Although infiltrating tumour cells could be present 

distant from the tumour itself, the analysis of bi-exponential diffusion data suggested 

that alterations in the contralateral NAWM of glioma patients might occur mainly as 

a result of global vasogenic oedema (Horvath et al., 2016a). 

It has been also described that diffusion is changing with aging in normal brain 

(Burgmans et al., 2010; Forbes et al., 2002; Jones et al., 2003; Lee et al., 2009; Mulkern 

et al., 2001; Naganawa et al., 2003). It was suggested that increased ADC is due to the 

loss of cellular elements, like neurons, pericytes and axons. In agreement with others 

(Camara et al., 2007; Forbes et al., 2002; Naganawa et al., 2003; Sala et al., 2012), our 

bi-exponential study showed an increase of ADC as a function of age in the WM of 

controls, however fast and slow diffusing components did not change with aging in 

the interval of 19–51 years. A relative decrease with age was shown in the volume 

fraction of slow diffusion component. It seems reasonable that the age dependent 

increase of tissue water diffusion may be caused by a decrease of myelin 

associated/bound water in control subjects, considering the well-documented age-

dependent decrease of myelinated structures (Svennerholm et al., 1997). As for 

patients with MS, the exact cause of diffusivity changes detected in NAWM is only 
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partially known. Pathological investigations have identified processes such as glial 

pathology, axonal loss or perivascular cuffing as the main contributors to NAWM 

alterations (Miller et al., 2002). In brain specimens, decreased phospholipid levels in 

myelin structures were demonstrated in NAWM and significant axonal loss was also 

proved histologically (Moore et al., 2008). The selected MS patients of our study cover 

a wide range of age with an EDSS score less than 4.0. Although the groups were 

created according to median age, they did not differ significantly in clinical 

characteristics listed in Table 1. On the other hand, time interval between last relapse 

and MRI examination was much longer in the older patient population. This may 

indicate that the NAWM has undergone recovery during remission resulting in higher 

lesion number and volume in the younger MS subjects compared with older patients. 

In spite of the similar functional scores, ADC values were significantly different 

between younger and older patient groups in most of the NAWM areas. 

In MS patients, ADC was inversely related to age, but directly to TLN. This explains 

the highly significant difference of ADC in the younger age groups, where the mean 

TLN was generally higher in patients. ADC was significantly different in all 

participants group of patients compared with controls, maybe due to the altered 

diffusion in younger patients. In older patient group, ADC was not significantly 

different compared to controls. 

Our findings are in agreement with others (Caramia et al., 2002), where significant 

correlation was revealed between TLN and ADC in NAWM of MS patients. 

Accordingly, it has been suggested that the primary reason for ADC increase in 

NAWM of MS patients is the activity of the disease that manifests with elevation of 

hyperintense lesions (Meier et al., 2007) and abnormal myelination. The results of bi-

exponential analysis showed that ADCf and ADCs are independent as a function of 

TLN and age. Contrary to ADC, fs is directly proportional to age, but inversely related 

to TLN in MS patients. It seems reasonable that the frequency of WM lesions might 

reflect diffusion alterations in the NAWM. We found that fs values of MS patients 

decreased by about 7-11% compared to healthy controls. It may be an indirect effect 

of myelin water fraction change, but the attribution of fs solely to myelin water fraction 

is highly speculative (MacKay et al., 1994). Of course, even more alternatives can also 

be considered responsible for the observed change in diffusion MRI metrics. 

Besides multiple sclerosis, NAWM changes are also relevant but less known in 

temporal lobe epilepsy. However, some studies focus on specific individual WM tracts 
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and make inferences about microstructural integrity of axons and myelin sheaths 

through the analysis of diffusivity perpendicular and parallel to the tracts. In our 

previous study, we found that the AAO may distinguish different clinical subgroups 

in MTLE-HS (Janszky et al., 2004). The AAO is commonly associated with clinical 

and semiological dissimilarities (Janszky et al., 2004; Villanueva and Serratosa, 2005). 

Although the age at first non-provoked seizure can have a decisive effect on brain 

tissues in MTLE-HS, limited data exist regarding WM diffusion changes with respect 

to the epilepsy-related clinical parameters such as AAO and chronic seizure activity. 

Previous studies examined the presence and the extent of WM abnormalities in 

temporal lobe epilepsy. According to them, WM differences in patients were 

detectable compared with healthy controls, but they were more pronounced in the 

group with early onset MTLE-HS (Riley et al., 2010; Villanueva and Serratosa, 2005). 

Additionally, the earlier AAO rather than the duration of the disease was associated 

with reduced cerebral WM volume and it was not related to initial precipitating injury, 

occurrence/number of generalized seizures, and number of antiepileptic drugs 

(Hermann et al., 2002). Beyond the volumetric studies, there have been numerous 

reports based on diffusion imaging in adult patients with temporal lobe epilepsy in 

which bilateral WM alterations can usually be detected in the limbic and nonlimbic 

areas with ipsilateral predominance (Concha et al., 2009; Concha et al., 2005; Focke 

et al., 2008; Gross et al., 2006; Kim et al., 2008; Lin et al., 2008; Riley et al., 2010). 

These changes are more extensive in patients with mesiotemporal sclerosis than in the 

nonlesional group (Concha et al., 2009; Scanlon et al., 2013). Although the underlying 

cause is not clear for such alterations, several possible theories exist. According to one 

hypothesis, these changes may be the result of neuronal loss in epileptic foci causing 

secondary axonal degeneration far away from the seizure focus. There are important 

frontotemporal tracts or other pathways connecting the two temporal lobes or 

hemispheres (e.g., uncinate fasciculi, arcuate fasciculi, corpus callosum) which are 

commonly associated with diffusion alterations. These are frequently involved in 

seizure propagation from the temporal lobe and might explain the role of recurring 

epileptic activity with abnormal neuronal firing on WM abnormalities. Findings of 

WM diffusion alterations have also been complemented by GM disruption. The extent 

of GM disruption is closely related to the start of the disease (Kemmotsu et al., 2011) 

and also more severe in regions that are anatomically and functionally connected to 

the hippocampus (Bernasconi et al., 2005; McDonald et al., 2008). An extensive 
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literature has shown disruptions in interregional fibre diffusivity in the mesiotemporal 

and the frontotemporal networks (Ahmadi et al., 2009; Rodrigo et al., 2007) and in the 

speech-dominant hemisphere (Powell et al., 2007) suggesting decreased fibre 

arrangement and altered myelin membranes. These findings support the hypothesis 

that GM volume loss and WM damage may be related to each other and probably due 

to the excitotoxic effects of spreading epileptogenic activity in brain regions that are 

directly or indirectly connected to the hippocampus. Our results revealed that ADC 

derived from the ipsilateral hemispheric WM of patients with MTLE-HS was higher 

compared with that from the corresponding side of controls. These are consistent with 

previous findings suggesting that WM abnormalities are most pronounced in the 

cerebral hemisphere ipsilateral to the seizure focus (Ahmadi et al., 2009; Otte et al., 

2012; Riley et al., 2010). Additionally, ADC of patients with early onset MTLE-HS 

was elevated not only in the ipsilateral hemispheric but also in the ipsilateral temporal 

lobe WM compared with that of controls; however, these differences were not 

detectable in the group with late onset MTLE-HS. According to animal and human 

studies, the impairment of WM is related to age at recurrent seizure onset and being 

more severe when seizures appeared at younger ages (Hermann et al., 2002; Sayin et 

al., 2015). This could be explained either by a primary pathology or by different 

neurodevelopmental processes precipitating epilepsy. However, it cannot be ruled out 

that the adverse effect of the recurrent seizures in the developing, immature brain 

might lead to WM impairment in early onset epilepsy. Indeed, myelination and the 

consequent cerebral volume increase is a long-lasting event and occurs in the 

hippocampus and in the cerebral WM beyond the age of 16 (the age limit of the group 

with early onset MTLE-HS in our study) (Suzuki et al., 2005). In addition, we found 

that ADC of the group with early onset MTLE-HS was negatively related to AAO in 

the ipsilateral hemispheric WM and the uncinate fasciculus. But in the group with late 

onset MTLE-HS, the seizure frequency had a positive influence on ADC in the 

ipsilateral uncinate fasciculus. It could be assumed that different pathophysiological 

mechanisms (such as seizure-related injury as well as epileptogenesis) and etiological 

factors do not equally participate in WM degeneration. 

 The quantification of intervertebral disc degeneration 

Since IVDD is thought to be a major factor that results in lumbar pain, follow-up 

of the degenerative process is a common morphological aspect that should be 



59 
 

 

considered. Altered morphology can be measured as a change of size/shape or the 

change of pixel intensities on the radiographic image (de Schepper et al., 2010; Pye et 

al., 2007; Pye et al., 2004). Consequently, several grading systems have been worked 

out in the past including those which utilize MR images, primarily from T2W 

measurements. MR imaging classifications such as the Schneiderman (Schneiderman 

et al., 1987) and the modified Pfirrmann scheme designed for both elderly (Griffith et 

al., 2007) and young subjects (Takatalo et al., 2011) while other classifications have 

been developed for more specific changes (Aprill and Bogduk, 1992; Fardon et al., 

2001; Modic et al., 1988; Yu et al., 1988). Today, the most accepted grading system 

of IVDD is that of Pfirrmann et al. which is a semiquantitative grading based on the 

T2W signal changes of the NP and the height of lumbar discs, sorting them in five 

categories (Pfirrmann et al., 2001). Despite these justified morphological standards, 

the measurements of IVDD on T2W images may hide important features (Takashima 

et al., 2012; Watanabe et al., 2007). Consequently, the visual perception of signal 

intensity on T2W images is problematic which may lead to differences between the 

observers, especially when they have different levels of experience and areas of 

expertise or the examiners show overall variation in stringency. These prior sources of 

disagreement will be reflected in dissimilarity between the observers (Sim and Wright, 

2005), as a consequence, interobserver differences appear. Nevertheless, the 

interobserver agreement is frequently calculated between two observers at once even 

though more raters are involved in the study (Lurie et al., 2008; Pfirrmann et al., 2001). 

In fact, most of the studies in current literature measure intra- and interobserver 

reliabilities based on the Pfirrmann classification system, however they show a high 

variation depending on the backgrounds, the number of observers and last but not least 

the consensus based decision (Table 9) (Arana et al., 2010; Carrino et al., 2009; 

Griffith et al., 2007; Hangai et al., 2009; Kettler and Wilke, 2006; Lurie et al., 2008; 

Pfirrmann et al., 2001; Watanabe et al., 2007; Yu et al., 2012). Therefore the 

comparison is difficult and easily leads to confusion.  



60 
 

 

Table 9. Intra- and interobserver agreement of lumbar disc degeneration with regard to the 
Pfirrmann grading system 
Corresponding 

paper 
Publication 

date Observers Intraobserver 
agreement 

Interobserver 
agreement 

Pfirrmann et al.  2001 1 orthopedic surgeon 
2 musculoskeletal radiologists 0.84-0.90 0.69-0.81 

Griffith et al.  2007 2 musculoskeletal radiologists 
1 general radiologist 0.79-0.91 0.65-0.67 

Watanabe et al.  2007 3 experienced observers 0.74-0.90 0.70-0.74 

Carrino et al.  2009 3 musculoskeletal radiologists 
1 orthopedic spine surgeon 0.57-0.88 0.56-0.76 

Lurie et al.  2008 
3 musculoskeletal radiologists 
1 orthopedic spine surgeon 0.44-0.83 mean of 0.47 

Yu et al.  2012 2 orthopedic surgeons  0.82-0.89 0.70-0.82 
Arana et al.  2010 5 radiologists mean of 0.69 mean of 0.49 
Hangai et al.  2008 2 orthopedic surgeons mean of 0.90 mean of 0.87 

Both intra- and interobserver agreements are displayed with kappa values. 

The discrimination of grades on morphological images is not always possible with full 

agreement. The morphological T2W image of the lumbar spine shows only the cross-

sectional information of the T2 relaxation curve. On the contrary, T2 relaxometry 

quantitatively describes the whole T2 relaxation process and provides one of the most 

reliable correlations with the changes of molecular environment in the disc (Niu et al., 

2011). Despite these facts, only one study has suggested that T2 relaxation time 

evaluation may have a role to determine the range of T2 values for disc degeneration 

(Takashima et al., 2012). 

In our study, the possibility of quantitative classification in IVDD was investigated: 

T2 cut-off values, intra- and interobserver reliability with regard to morphological 

classifications of the Pfirrmann and Schneiderman schemes were determined. 

Similarly to others, (Marinelli et al., 2010; Niu et al., 2011; Stelzeneder et al., 2012) 

our results showed that the T2 relaxation time of lumbar intervertebral discs decreased 

with increasing morphological grades and age, likely reflecting a decrease in 

proteoglycan and water content (Haneder et al., 2013; Urban and McMullin, 1988; Zou 

et al., 2009). Only moderate overall agreement was found between the observers in 

both the Pfirrmann and Schneiderman classification systems regarding the 

interobserver reliability, while intraobserver agreement was substantial to almost 

perfect. Between Pfirrmann grades III and IV a pronounced overlap was observed in 

T2 values, which corroborates with a low interobserver kappa coefficient. The use of 

receiver operating characteristic analysis among grades of IVDD yields quantitative 

T2 cut-off values. They can be determined with an approximate reliability from the 
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area under the curve (Takashima et al., 2012), which were within substantial to almost 

perfect accuracy level (0.68–1) in this study. These data indicate that this quantitative 

grading is a more powerful way to evaluate IVDD, even if the interobserver reliability 

is low. 

6.1. Limitations 

 Bi-exponential diffusion signal decay in normal appearing white matter of 

multiple sclerosis 

We should emphasize that one major limitation of the study was the limited 

number of patients and controls involved; therefore small sample sizes were examined 

in subgroups dichotomized by the median age. A wider age range would have been 

also beneficial, – the EDSS, as an inclusion criterion was kept relatively low – but 

older patients with MS mostly suffer from more disability, which may result higher 

EDSS leading to a big difference in the measured data (Alajbegovic et al., 2009). 

To date, several DWI study analyses were done at least partially based on region of 

interest method which requires a prior assumption of the region to be evaluated. On 

the other hand, voxel-based methods are also available which could allow whole brain 

analyses of our diffusion data (Cohen et al., 2009; Scherfler et al., 2006; Smith et al., 

2006). However, these methods are dependent on perfect nonlinear registration and 

the extent of applied smoothing or require diffusion tensor imaging data for the 

calculation (Smith et al., 2006). 

Using trace-weighted images (via geometric averaging of the measurements along the 

three orthogonal directions) for bi-exponential analysis can lead to cross terms, which 

may entangle the bi-exponential parameters (Maier et al., 2010; Maier et al., 2004; 

Mulkern et al., 2001). Because these cross-terms may vary if another set of orthogonal 

directions are used, rotational invariance is brought into question in the context of bi-

exponential fitting. 

Despite these limitations, our results measured in NAWM show a very good overall 

agreement with the literature both in control subjects and MS patients.  
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 Age at onset and seizure frequency affect white matter diffusion coefficient in 

patients with mesial temporal lobe epilepsy 

The current study has some limitations. (1) One of the limitations is the low 

number of patients and controls involved. Apparent diffusion coefficient in the 

ipsilateral temporal lobe of patients with early onset MTLE-HS tended to decrease as 

a function of AAO, but no significant correlation was found between them. Probably, 

the effect of AAO averaged out leaving no difference in diffusion because of the 

relatively small number of observations and large number of predictors. (2) In this 

study, only 13 of the 22 patients underwent an adult presurgical evaluation protocol, 

therefore the possibility of subtle bilateral disease cannot be ruled out. (3) In order to 

perform powerful statistical analysis, patients were divided into two groups according 

to the median AAO (i.e. groups with early and late onset MTLE-HS). Although no 

significant differences were observed in clinical and demographic data (e.g., seizure 

frequency, level of education), the comparison of WM diffusivity between the groups 

with early and late onset MTLE-HS may be problematic because of the atypical 

average AAO of patients with late onset MTLE-HS. (4) The frequency of seizures may 

change over years in patients with MTLE-HS, which can also have dominant influence 

on WM integrity. To shed light on this relationship, a longitudinal study is needed 

using a larger patient population. (5) Since subtle abnormalities may remain hidden 

with hemispheric and lobar approaches, particularly when they occur in small fractions 

of the brain, we performed diffusion analysis also in the tracts connected to the 

temporal lobe. In spite of this, diffusion tensor imaging would have been beneficial to 

investigate tract based WM deviation. 

 A Statistical Model for Intervertebral Disc Degeneration: Determination of the 

Optimal T2 Cut-Off Values 

The current study might have some limitations. First, the selection of ROIs may 

be a source of bias, especially when ROIs were drawn for the T2 measurements by a 

single observer whose results were compared with morphological classifications 

carried out by several investigators. Also, the magnitude of error caused by the 

manually delineated ROIs might lead to inaccurate T2 values in the discs. This could 

have introduced subjectivity and bias, mainly when the central region is poorly 

differentiated from the annulus fibrosus in discs with higher degeneration grades. It is 
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possible to avoid manual segmentation of the lumbar discs by using intensity based 

automatic and semi-automatic methods like watershed transform and live wire 

segmentation (Claudia et al., 2012), but still manual interaction remains a necessity in 

many cases. Second, for most quantitative MRI based T2 studies like this, there has 

been a tendency to assume mono-exponential T2 decay to derive T2 relaxation times 

from tissues. However, CPMG imaging sequences with optimized non-selective (hard) 

or selective (soft) refocusing pulses and larger time frames (up to TE of 320 ms) have 

also proven capable to extract more accurate multi-exponential T2 decay curves 

(Mulkern et al., 1990), which might hold additional information regarding the 

underlying biology of the discs. 

7. Conclusions 
According to our first study, the decreased volume fraction of slow diffusing 

component may be the primary reason for the age-dependent increase of ADC in 

controls. In multiple sclerosis, the diffusion parameters are related to both age and total 

lesion number, in which the bi-exponential analysis indicated decreased fs as a function 

of total lesion number while it increased with age, probably due to the reduction of 

myelin water fraction. These data demonstrated that the myelin content of the WM 

affects diffusion in relapsing-remitting MS that is possibly a consequence of the shift 

between different water fractions. 

In mesial-temporal lobe epilepsy, the timing of disease seems to be the major origin 

of WM abnormalities in early onset epilepsy, while in late onset disease it should be 

assumed as a secondary effect provoking diffusion changes. The combination of 

clinical data and novel MR methods used in our study has led to valuable insights into 

epilepsy-associated changes in the WM and has increased our understanding of the 

pathophysiology of mesial-temporal lobe epilepsy. 

Our T2 relaxometry study reflected that T2 values tended to decrease with increasing 

age or grade in the NP possibly due to the decrease of water and proteoglycan content. 

Interobserver agreement of the morphological evaluation in patients with IVDD was 

only fair between Pfirrmann III and IV. Based on our results, quantitative T2 cut-off 

values seem to be a more reliable method to define the degree of disc degeneration, 

even though the definitions of intervertebral disc degeneration in MRI are still not 

uniform. 
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8. Current trends and brief summary 
Many imaging modalities and techniques exist to assess alterations in the CNS. 

MRI is one of the most popular ones because it does not employ ionizing radiation. 

On the other hand, subtle changes can be invisible for human perception even on 

clinical MR images, but advanced quantitative MRI methods are capable to delineate 

molecular alterations. Conventionally invisible condition is the so called normal 

appearing grey/white matter and usually unaccounted for in clinical radiology. 

Previous studies stated that the examination of NAWM has an important role in 

diagnosing, prognosing and grading of a specific disease. Grading/staging is often 

linked to therapeutic protocols in which quantitative imaging plays an increasing role. 

DWI is a quantitative method of choice to clarify the nature of diffusion alterations in 

the NAWM of glioma. According to the recent results of our research group, both 

infiltrative and non-infiltrative tumours have shown altered diffusion in the NAWM, 

which is not exclusively caused by tumour infiltration but also related to global 

vasogenic oedema and the secretory activity of the tumours (Horvath et al., 2016a; 

Horvath et al., 2016b). Advanced neuroimaging techniques have found to be promising 

in other neurological conditions such as infections, brain lymphomas, traumatic brain 

injuries, MS and epilepsy. Out of these, MS and temporal lobe epilepsy were examined 

in the current thesis using DWI, but other advanced methods also exist. In multiple 

sclerosis, novel quantitative MR techniques were recently developed to quantify the 

extent and characterize the nature of structural changes occurring within and outside 

focal lesions. Advanced diffusion tensor imaging has spurred the development of brain 

neuroconnectivity techniques, which define and quantify anatomic links between 

remote brain regions by axonal fibre pathways (Li et al., 2013). Other imaging 

techniques like perfusion and functional MRI allow the assessment of hemodynamic 

abnormalities and improve the understanding of cortical reorganization after tissue 

injury (Filippi et al., 2013; Francis et al., 2013). However, functional abnormalities 

have also been examined using positron emission tomography (Kiferle et al., 2011), 

while a novel approach called diffusion tensor spectroscopy investigate diffusion 

properties of intracellular, cell type specific metabolites in the NAWM at 7 T scanner 

(Wood et al., 2012). As for epilepsy patients, fMRI has gained widespread acceptance 

to establish hemispheric language dominance and evaluating the potential damage 

caused to eloquent areas related to the epileptogenic focus, while morphometric MRI 
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analysis based on novel image processing algorithms is able to highlight brain areas 

with blurred grey-white matter junction and abnormal gyration (Wagner et al., 2011). 

Additionally, simultaneous EEG and functional MRI can allow the mapping of 

haemodynamic networks over the entire brain related to specific spontaneous and 

triggered epileptic events and thereby provide new localizing information (van Graan 

et al., 2015). Also the semi-quantitative analysis of positron emission tomography data 

and the co-registered MR image help to identify mild abnormalities. 

Advanced imaging methods are also used outside the brain and they are increasingly 

supplementing the traditional approaches. Quantitative MR measurements of the 

intervertebral discs – such as T1rho, T2 relaxometry and dGEMRIC – have been 

correlated with biochemical content, biomechanical function and even discogenic pain 

(Hwang et al., 2016), while ultrashort echo time imaging offer additional way for the 

evaluation of health and injury of the lumbar spine (Hwang et al., 2016). The above 

list of advanced imaging techniques is not exhaustive, so other methods and image 

processing algorithms exist in the brain and even beyond that (Sacerdoti et al., 2016), 

(https://www.ncbi.nlm.nih.gov/pmc/journals/1905/). 

Altogether, this thesis gives an inside view of advanced MRI techniques and their 

image processing methods in the CNS. Today, neuroimaging goes on its own way and 

it has already changed our society, but how far can it go? Will we ever understand how 

the human brain works? 
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