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Abbreviations 

2D   Two-dimensional 

3D   Three-dimensional 
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AnG-WM  Angular Gyrus White-Matter 
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FAST   FMRIB's Automated Segmentation Tool 

FEAT   FMRI Expert Analysis Tool 

FILM   FMRIB's Improved Linear Model 

FLIRT   FMRIB's Linear Image Registration Tool 

fMRI   Functional Magnetic Resonance Imaging 

FNIRT   FMRIB's Nonlinear Image Registration Tool 

FOV   Field Of View 

FSL   FMRIB's Software Library 

GCA   Gaussian Classifier Array 

GLM   General Linear Model 

GM   Grey Matter 

GRF   Gaussian Random Field 

HRF   Haemodynamic Response Function 

ICV   Intracranial Volume 

ISAP   Intracarotid Sodium Amobarbital Procedure 
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ISI   Inter-Stimulus Interval 

MCFLIRT  Motion Correction FMRIB's Linear Image Registration Tool 

MD   Mean Diffusivity 

MEG   MagnetoEncephaloGraphy 

MGH   Massachusetts General Hospital 

MNI   Montreal Neurological Institute 

MPRAGE  Magnetization Prepared Rapid Gradient-Echo 

MR   Magnetic Resonance 

MRI   Magnetic Resonance Imaging 

oxyHb   Oxyhaemoglobin  

PET   Positron Emission Tomography 

RF   Radio Frequency 

ROI   Region-Of-Interest 

SLF   Superior Longitudinal Fasciculus 

SNR   Signal-to-Noise Ratio 

SPL-WM  Superior Parietal Lobe White-Matter 

TBSS   Tract-Based Spatial Statistics 
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VBM   Voxel-Based Morphometry 

WM   White Matter 
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1. General introduction 

Until recently, the structural bases of individual differences have been studied 

primarily in postmortem examinations or in patients with brain lesions. However, 

with the advent of structural magnetic resonance imaging (MRI) techniques, such as 

MRI volumetry or diffusion imaging, it has become possible to investigate the 

macro- and microstructural bases of individual differences in healthy subjects or in 

patients without brain lesions as well. While initially these methods were very time-

consuming and biased by manual, subjective drawing of the examined structures, 

recent developments like automated MRI volumetry (Fischl et al., 2002), voxel-

based morphometry (VBM) (Good et al., 2001b) or voxelwise analysis of multi-

subject diffusion data with tract-based spatial statistics (TBSS) (Smith et al., 2006) 

have allowed the macroscopic and microscopic structural variations to be probed in 

an objective, automated, time-saving manner. These refined automated methods are 

now sensitive enough to reveal meaningful structural differences even within 

relatively homogeneous groups (e.g. healthy controls). 

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

inter-individual differences in brain structure within a population or structural 

differences between different populations. Both macro- and microstructural measures 

have been found to be related to a wide range of factors, such as age (Good et al., 

2001b; Inano et al., 2011), gender (Good et al., 2001a; Maleki et al., 2012; Menzler 

et al., 2011), handedness (Buchel et al., 2004; Westerhausen et al., 2004), caffeine 

intake (Perlaki et al., 2011), body mass index (Orsi et al., 2011; Xu et al., 2013), 

navigation experience (Maguire et al., 2000), cognitive abilities (Ibarretxe-Bilbao et 

al., 2009; Navas-Sanchez et al., 2014) or language functions (Josse et al., 2003; 

Labudda et al., 2012; Powell et al., 2006). These studies provide evidence that 

variations in brain structure may be associated with various functional, behavioral, 

demographic, nutritional, environmental and biological indices in both clinical 

patient and healthy population groups. 

With the availability of more sophisticated analysis techniques, recently it has 

become popular to move beyond simple group comparisons of subjects at the 

extreme ends of the scale (e.g. patient vs. normal populations) and test for structural 

differences within more homogenous populations (e.g. healthy controls). Even within 

a healthy adult population there are considerable differences in the brain structure, 
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which may carry functional and behavioral consequences. Investigating the structural 

variations of healthy subjects may extend our understanding of normal patterns, 

which represents an essential step before starting to search structural abnormalities in 

diseased groups. 

1.1 Language lateralization and its structural basis 

In general, language-related structures are asymmetrically distributed in the brain 

favoring the left hemisphere in most individuals. Left-hemispheric preference for 

language processing is one of the most robust and unresolved findings in cognitive 

neuroscience (Auer et al., 2009; Josse and Tzourio-Mazoyer, 2004). Even today we 

do not understand why the two hemispheres of our brain are functionally different. 

Hemispheric language lateralization has shown to be systematically associated 

with handedness: 94-96% of right-handed subjects showed left-hemispheric 

dominance, while 4-6% showed a bilateral pattern and the right-hemispheric 

language dominance was extremely rare (Pujol et al., 1999; Springer et al., 1999). In 

contrast, the incidence of atypical (bilateral or right-hemispheric) language 

lateralization was found to increase in left-handers to approximately 15-30% (Josse 

and Tzourio-Mazoyer, 2004; Knecht et al., 2000; Pujol et al., 1999). These data and 

those of Badzakova-Trajkov et al. indicate a weak but nevertheless important 

existing relationship between language dominance and handedness (Badzakova-

Trajkov et al., 2010). 

Childhood brain injuries affecting the left hemisphere can cause contralateral 

language reorganization (Muller et al., 1999; Rasmussen and Milner, 1977). 

Investigating adult populations, epilepsy (Janszky et al., 2006) and brain tumors 

(Partovi et al., 2012) were also found to influence language lateralization, indicating 

that structural brain changes can shift language lateralization. 

There is growing evidence that variations in gross anatomy of specific brain 

regions are associated with language laterality. Planum temporale is perhaps the most 

commonly studied brain structure as a possible anatomical substrate of language 

dominance. A study with small number of subjects suggests that the planum 

temporale asymmetry (Foundas et al., 1994) may be related to the asymmetric 

distribution of language network, while others have not found relationship between 

the planum temporale asymmetry and language lateralization (Dorsaint-Pierre et al., 

2006; Eckert et al., 2006). Josse et al. and Tzourio et al. reported that only the size of 
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left planum temporale (Josse et al., 2003; Tzourio et al., 1998) is a relevant 

anatomical landmark for language dominance. Morphology of other brain structures 

such as the insula (Greve et al., 2013; Keller et al., 2011) or the right hippocampus 

(Jansen et al., 2010) were also found to be related to language lateralization.  

Besides the macroscopic structural alterations, variations in white matter 

microstructure are also likely to have behavioral and functional consequences as 

demonstrated by a series of studies (Johansen-Berg and Behrens, 2009). The 

microstructural correlates of language dominance have been less well studied than 

the macrostructural ones, but we find some studies testing for associations between 

tissue microstructure and the degree of lateralization. The study of microstructural 

variations in relation to language lateralization began with the largest white matter 

structure in the human brain, the corpus callosum. Westerhausen et al. found 

significantly decreased mean diffusivity (MD) and a trend towards higher fractional 

anisotropy (FA) values for subjects with strongly left-lateralized language 

representation (Westerhausen et al., 2006), but this finding is somewhat conflict with 

those of Häberling et al. (2011), who found that atypical hemispheric dominance for 

language was associated with higher mean FA of the corpus callosum (Haberling et 

al., 2011). Based on these results, the predictive power of callosal microstructure for 

hemispheric language specialization remains limited, and it is still unclear whether it 

is even reasonable to assume that callosal microstructure is related to cerebral 

language dominance. In right-handed subjects both the relative fiber density 

asymmetry index of arcuate fasciculus and the mean FA asymmetry index of 

connections between Broca's and Wernicke's areas were found to be positively 

correlated with the degree of language dominance (Powell et al., 2006; Vernooij et 

al., 2007).  

In summary, the studies presented above suggest that the macroscopic and 

microscopic structural variations are at least partly related to language lateralization. 

1.2 Sexual dimorphism of the adult human brain 

Gender differences in human brain structure have been the focus of much 

research, expecting that sexual dimorphism of brain anatomy may explain some 

differences in behavior. The most consistent finding is that, males have (on average) 

larger absolute brain volumes than females, both overall and in most regions (Gur et 

al., 2002; Kruggel, 2006; Luders et al., 2002; Pell et al., 2008). Since these results 
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may be a byproduct of the well-known sexual dimorphism in head-size, correction 

for normal variation in head-size is commonly performed. However, after correcting 

for head-size, the situation is more complicated and the studies did not always yield 

consistent findings. Discrepancy in results may be attributed partly to various 

methodological issues, such as differences in methodology of data acquisition and 

analysis (including whether or how the brain volumes are adjusted for head-size 

differences). 

The possible gender effects on callosal morphology have attracted considerable 

attention over the past decades. While first reports suggested that women have more 

bulbous and larger splenium than men (DeLacoste-Utamsing and Holloway, 1982) 

and that the total area of the corpus callosum may also be absolutely larger in women 

(Holloway and de Lacoste, 1986), more recent studies suggest that absolute callosal 

size is larger in males, and that gender differences in the anatomy of the corpus 

callosum may be attributable to individual differences in brain size (Bishop and 

Wahlsten, 1997; Jancke et al., 1997; Luders et al., 2014). Although numerous studies 

suggest a sexual dimorphism of the human corpus callosum, disagreements exist 

concerning the affected callosal region (e.g. splenium, isthmus, genu, entire corpus 

callosum) and the direction of the effect (Luders and Toga, 2010). 

Hippocampus is another brain region that has been extensively studied for 

possible morphological gender differences. Hippocampal volume changes were 

found to differ in some neuropsychiatric conditions as a function of gender 

(Briellmann et al., 2000; Exner et al., 2008). Investigating gender difference in 

hippocampal volumes of normal subjects is essential to understand why male and 

female hippocampi differ in their predisposition for volumetric changes in certain 

conditions and to distinguish disease patterns from normal ones. However, previous 

findings on normal sexual dimorphism in hippocampal volume have not always been 

consistent. For example, larger hippocampal volumes in females (Filipek et al., 1994; 

Szabo et al., 2003) and no difference in hippocampal volumes between males and 

females (Gur et al., 2002; Jack et al., 1989; Pell et al., 2008) were also reported after 

correcting for head-size differences. 

Important insights with respect to sex specific differences in white matter 

microstructure have been also provided by diffusion-tensor imaging (DTI) studies. 

Increased anisotropy of the corpus callosum was found in men as compared to 

women (Liu et al., 2010; Menzler et al., 2011; Shin et al., 2005; Westerhausen et al., 
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2004; Westerhausen et al., 2003). However, the interpretation of increased 

anisotropy in male corpus callosum is still a matter of debate and more histological 

studies are required to reveal its precise anatomical basis (Johansen-Berg and 

Behrens, 2009). It cannot even be excluded that part of these gender differences in 

callosal anisotropy can be explained by partial volume averaging. Partial volume 

averaging with the surrounding non-callosal structures could lead to artificially 

reduced anisotropy in the corpus callosum, which may be more pronounced in 

females with smaller callosal size. Westerhausen et al. addressed this issue and found 

that the increased anisotropy in male anterior genu is probably not a consequence of 

partial volume effects, while the gender differences in other callosal subregions 

cannot be unequivocally interpreted (Westerhausen et al., 2011). 
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2. Technical background 

2.1 Functional magnetic resonance imaging 

Besides acquiring anatomical brain images, magnetic resonance imaging (MRI) 

can also be used for reporting human brain function. Functional magnetic resonance 

imaging (fMRI) is a non-invasive functional neuroimaging technique for measuring 

brain activation related to specific tasks (e.g. covert word generation). The most 

commonly used fMRI approach is based on the so-called blood oxygen level 

dependent (BOLD) contrast, first described by Ogawa et al. (Ogawa et al., 1990). We 

will focus exclusively on this type of fMRI as it was applied to assess language 

lateralization in the first experiment involved in this thesis. 

2.1.1 Magnetic properties of haemoglobin 

The BOLD contrast arises from the different magnetic properties of 

oxyhaemoglobin (oxyHb) and deoxyhaemoglobin (deoxyHb). Pauling and Coryell 

found that deoxyHb is paramagnetic while oxyHb is weakly diamagnetic (Pauling 

and Coryell, 1936). Both diamagnetic and paramagnetic substances respond to 

externally applied magnetic field and distort its homogeneity. Paramagnetic materials 

increase the local magnetic field, while diamagnetic materials slightly reduce it. 

However, the oxyHb has a very weak diamagnetic effect and considering that it is 

isomagnetic relative to the surrounding brain tissue (Tofts, 2003), local field 

inhomogeneities around blood vessels are mainly induced by deoxyHb. 

2.1.2 Blood oxygen level dependent signal 

The most widely used fMRI approach (BOLD contrast) relies on T2
*-weighted 

imaging. The basic idea of this technique is that the local increase in venous 

oxygenation level (decrease in relative deoxyHB concentration) is assumed to relate 

to neural activity (Tofts, 2003). The decreased relative deoxyHB concentration 

causes more homogenous magnetic field leading to slower T2
* relaxation, which can 

be detected as increased signal intensity on T2
*-weighted images (Fig. 1). 
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Fig. 1. T2

* relaxation curves for the activated (red) and the resting (blue) states. During brain activity 
the signal decays slower, therefore the signal intensity at the moment of measurement is higher 
compared to resting state. 

It is important to note that the BOLD signal is an indirect measure of neural 

activity depending on the complex interaction of various factors including cerebral 

blood flow (CBF), cerebral blood volume (CBV), cerebral metabolic rate of oxygen 

(CMRO2), the local vascular architecture and imaging parameters (Kim and Ogawa, 

2012). Unfortunately, we still don't know exactly how the BOLD signal is related to 

the underlying neural activity and what aspect of the neural activity is represented 

(Bandettini, 2009; Tofts, 2003). For this reason BOLD fMRI is interpreted mostly 

qualitatively (Faro and Mohamed, 2010). Although there are attempts towards more 

quantitative approaches measuring brain activity using MRI (e.g. arterial spin 

labeling), these techniques are generally less sensitive and they have also many 

shortcomings (Faro and Mohamed, 2010; Tofts, 2003).  

The BOLD signal change on T2
*-weighted images occurs not instantaneously 

following the neural activity, actually it appears delayed and broadened in time. The 

BOLD response to a brief stimulus is known as haemodynamic response function 

(HRF). Its shape may vary across brain regions and across subjects (Jezzard et al., 

2001); see Fig. 2 for the illustration of a typical HRF. 
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Fig. 2. Time course of a typical haemodynamic response function.  

2.1.3 Experiment design types 

The BOLD signal is a relative measure of brain activity and there is no 

possibility to localize brain activation from a single scan. In fact, the BOLD fMRI 

technique measures magnetic field inhomogeneity related signal intensity changes 

between relaxed and stimulated brain states. Because these changes are usually small 

(typically 1-5%), it is not enough to acquire a single image in each condition, but 

rather a large number of images must be acquired serially and the signal difference 

between relaxed and stimulated states should be compared by careful statistical 

analysis. 

A typical fMRI experiment comprises two or more different conditions (e.g. one 

experimental and one baseline condition) which are compared to each other. Given 

the relative nature of the fMRI, the brain activity (increased BOLD signal) observed 

during a specific brain state must be interpreted relative to another condition 

(baseline), which highlights the importance of careful baseline task selection. 

Based on the arrangement of different stimulus conditions during the scanning 

session, there are two major experimental design approaches used in fMRI studies: 

block and event-related designs. In a block design experiment, the different 

conditions are alternated in a blocked manner. Within each block only one condition 

is presented and the blocks have a relatively long (usually >20 seconds) duration. In 

contrast, in an event-related design there are short duration experimental conditions 

separated in time by random intervals (i.e. ISI = inter-stimulus interval). Both 
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designs have their own advantages and drawbacks, but in general, the block-design 

has higher statistical power and is less dependent on how well we model the 

haemodynamic response function (HRF) in the statistical analysis.  

2.1.4 Data analysis 

Statistical evaluation of the BOLD signal change between different brain states is 

a critical aspect of fMRI. Before applying statistical analyses to detect brain 

activations, various preprocessing steps are usually performed on the „raw” image 

series obtained from the scanner. These steps are aimed to improve the validity and 

the sensitivity of subsequent statistical analysis by removing artefacts and ensuring 

the assumptions of the statistical model. The most basic preprocessing steps include 

motion correction, spatial filtering and high-pass temporal filtering.  

Motion correction is used to correct misalignment between fMRI scans due to 

subject head motion. It is usually performed using a rigid-body model (6 degrees-of-

freedom) registration of each image in the series to a chosen reference scan. 

Spatial filtering, also known as smoothing, reduces the high spatial frequencies 

in the fMRI data (typically using a Gaussian filter). This „blurring” may increase the 

signal-to-noise ratio (SNR) of our data, help to satisfy the validity of certain 

statistical steps (i.e. correcting for multiple comparisons by applying the Gaussian 

Random Field Theory) and facilitate group-wise analyses by decreasing individual 

anatomical differences, but at the expense of lower spatial resolution and increased 

partial volume effects. 

High-pass temporal filter removes unwanted low frequency fluctuations from the 

time series of each voxel. These low frequencies are often considered to be related to 

physiological effects (e.g. breathing, heartbeat) or scanner instabilities (e.g. 

frequency drift induced by scanner heating). However, a safe high-pass filter cut-off 

value should be determined to make sure that the signal of interest (i.e. task-related 

BOLD signal change) is minimally affected. 

After the preprocessing there are various statistical approaches available to 

determine which brain regions show stimulus correlated BOLD signal changes, but 

the most commonly used analyses are based on the general linear model (GLM). 

Brain volume elements (voxels), where the GLM analysis indicates a good fit 

between the predicted BOLD response – derived from the convolution of the 

stimulation timing with the HRF – and the actually measured time-series are usually 
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considered to be activated by the stimulation. A detailed presentation of the concepts 

involved in fMRI data analysis lies beyond the scope of this paper, but more 

information can be found in the handbook by Poldrack, Mumford and Nichols 

(Poldrack et al., 2011). 

2.1.5 Language mapping 

Intracarotid sodium amobarbital procedure (ISAP, Wada test), electrocortical 

stimulation mapping (ESM), positron emission tomography (PET) and 

magnetoencephalography (MEG) are some of the current methods used for assessing 

language laterality (Faro and Mohamed, 2006). Although some of these techniques 

are considered as gold standard for language localization, the invasiveness (Wada, 

ESM), the ionizing radiation (PET) and the limited availability (PET, MEG) reduce 

their applicability for language mapping in large-scale normative studies. 

Another potential method to assess language dominance is fMRI. In our clinic, 

fMRI-based language mapping has been routinely used since 2005 as a supplement 

to the established invasive approaches. Given this background and considering the 

great advantages of fMRI (noninvasive, repeatable and completely harmless), we 

decided to use BOLD imaging for assessing language laterality of our healthy 

subjects. 

However, since fMRI is an indirect method to measure language functions, it 

needs to be extensively cross-validated against other proven language mapping 

methods. The comparisons of fMRI results with Wada test indicate a high level of 

correlation for language laterality. In general, there is a good but not complete 

agreement between fMRI and ESM (Faro and Mohamed, 2010; Tofts, 2003). 

Nevertheless, before comparing our fMRI results to ESM, it is useful to note that 

while EMS is believed to identify only those brain regions that are essential for 

language processing, fMRI will also show activations in auxiliary language areas. 

Similarly to one of our previous studies (Auer et al., 2009), the participants of the 

first experiment performed a standard verbal fluency fMRI task with a block design 

and the asymmetry index (AI) derived from frontal activity was used as a measure of 

language lateralization. Classification of language dominance based on this fMRI 

task was shown to be consistent with the Wada test (Adcock et al., 2003; Woermann 

et al., 2003; Yetkin et al., 1998). Moreover, the fMRI asymmetry indices are 

reproducible in patients as well as in controls (Adcock et al., 2003). 
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2.2 Diffusion imaging 

Diffusion refers to the constant random movement of molecules in a medium due 

to their thermal energy. The unrestricted diffusion in an isotropic medium can be 

characterized statistically by the Einstein equation (Einstein, 1905): 

tDx ⋅⋅>=< 22  

where >< 2x  is the mean-squared displacement (averaged over all molecules in the 

sample) along one direction, t is the diffusion time and D is the diffusion coefficient. 

2.2.1 Measuring diffusion 

The diffusion in biological tissues is not truly a random process, but it is 

influenced by several different factors such as the presence of barriers (e.g. cell 

membranes, macromolecules) or tissue perfusion. For this reason the diffusion 

coefficient measured in a biological tissue is often referred as apparent diffusion 

coefficient (ADC). Since the diffusion in biological structures is affected by the local 

tissue microstructure, characterizing the water diffusion may provide indirect 

information about the underlying microenvironment. 

The most common diffusion-sensitizing MR measurements are based on pulsed 

gradient spin-echo experiment originally proposed by Stejskal and Tanner (Stejskal 

and Tanner, 1965). In this design, two identical gradient pulses (i.e. diffusion-

weighting gradients) are applied on both sides of the 180-degree refocusing pulse 

(Fig. 3).  

 
Fig. 3. Steskal-Tanner pulsed gradient spin-echo scheme. G = amplitude and δ = duration of diffusion-
encoding gradients; ∆ = time between the onset of the gradient pulses.  
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For the static spins, the phase shift induced by the first gradient pulse will be 

cancelled out by the second. On the other hand, the spins changing their position 

(due to diffusion) along the direction of the applied gradients will experience phase 

shifts which are not cancelled out, resulting in intravoxel dephasing and signal 

attenuation. This signal loss will depend on the strength of the diffusion-encoding 

gradients (G), their duration (δ), the time separating the two gradient pulses (∆) and 

the ADC. The degree of signal attenuation can be expressed as: 

ADCb
ADCG

eeSS ⋅−⋅−∆⋅⋅⋅−
==

)
3

(

0

222

/
δδγ

 

where b is the b-factor, S  and 0S  are signal intensities in the presence and absence 

of diffusion weighting, respectively. 

By acquiring at least two signals with different b-values, ADC can be estimated 

from the above equation. It is important to point out that this ADC value represents 

the diffusion only along the applied gradient direction. In tissues, where the diffusion 

is the same in all directions (i.e. isotropic) it is sufficient to characterize water 

diffusion with ADC measured in a single direction. However, in tissues like white 

matter, where the diffusion is orientation dependent (i.e. anisotropic), a single ADC 

is inadequate for describing diffusion characteristics (Basser and Jones, 2002). 

2.2.2 Diffusion tensor imaging 

In the presence of anisotropy, the diffusion can be more completely 

characterized using the diffusion tensor model. The diffusion tensor (D ) can be 

described by a 3x3 symmetric matrix which has 6 unknown parameters. In order to 

estimate the diffusion tensor, we need to acquire diffusion weighted measurements 

along at least six non-parallel directions and one measurement without diffusion 

weighting (i.e. b = 0 s/mm2). The tensor is often visualized as an ellipsoid, whose 

major principle axis points to the direction of maximum diffusivity and the lengths of 

principle axes show the diffusion distance in a given diffusion time (Le Bihan et al., 

2001). The principal axes of diffusion ellipsoid are oriented along the three 

orthogonal eigenvectors of the diffusion tensor (v1, v2, v3) and the diffusivities in the 

direction of principle axes correspond to the respective eigenvalues of the diffusion 

tensor (λ1, λ2, λ3 ). 
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After the estimation of diffusion tensor, a number of diffusion parameters can be 

produced. The most widely used measures are mean diffusivity (MD) and fractional 

anisotropy (FA). 

The MD represents the overall diffusion within a voxel regardless of directionality. It 

can be computed as the average of the three eigenvalues: 

3

λλλ
MD 321 ++=  

The FA quantifies the degree of diffusion anisotropy within a voxel. It ranges from 0 

to 1, with 0 indicating completely isotropic and 1 representing fully anisotropic water 

diffusion: 

∑

∑

=

=
−

= 3

1i

2
i

2
3

1i
i

λ

MD)(λ
5.1FA  

Both MD and FA are rotation invariant, which means that their values are 

theoretically independent from the orientation of the sample with respect to direction 

of the measurements (Gillard et al., 2005). 

Increased MD may result from loss of anatomical barriers such as myelin 

sheaths, cell membranes or axons (Beaulieu, 2002), while FA is considered to be 

related to tract integrity and may reflect the alignment of neuronal fibers (Johansen-

Berg and Behrens, 2009). While MD and FA provide sensitive measures for 

detecting microstructural changes, it is worth to note that they can not be 

unequivocally linked to a specific microstructural component (e.g. myelin) 

(Johansen-Berg and Behrens, 2009). 

2.2.3 Voxel-wise statistical analysis of local diffusion MRI 
parameters 

Once the diffusion measures (i.e. MD, FA) are derived as local markers of the 

white matter integrity, we can compare them between different populations or look 

for inter-individual differences within a group. The most straightforward way for 

assessing these microstructural differences is to apply a region-of-interest (ROI) 

analysis, in which a pre-specified brain region (i.e. ROI) is segmented for each 

subject and the diffusion measures averaged over this ROI are compared across 

subjects. Although this technique is conceptually simple, it is highly dependent on 
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the ROI positioning and does not facilitate investigation of tissue microstructure at 

the whole brain level. 

To overcome these limitations, some researchers applied a VBM-style analysis 

of diffusion metrics (Buchel et al., 2004; Eriksson et al., 2001). In brief, each 

subject's diffusion maps are registered to a standard space, smoothing is applied and 

then voxelwise statistics are calculated. This approach has the advantages that it is 

fully automated, no a priori hypothesis about the location of microstructural changes 

is required and the whole brain is analyzed. However, there are two serious problems 

with VBM-style analyses (Smith et al., 2006). First, the current registration 

algorithms cannot guarantee a perfect alignment of the diffusion maps across 

subjects, which may limit the interpretability of voxel-wise statistics. Second, there is 

no general agreement on the amount of the applied smoothing, which may influence 

the final results of VBM-style analyses (Jones et al., 2005). While smoothing may 

help to alleviate registration inaccuracies, it increases the partial volume effects. 

To solve the aforementioned alignment and smoothing issues of VBM-style 

analyses, the tract-based spatial statistics (TBSS) technique was proposed by Smith 

and colleagues (Smith et al., 2006). TBSS can be summarized in the following steps: 

 (i) All subjects' FA maps are registered to a common standard space template. 

 (ii) The aligned FA images are averaged to create a mean FA map. The mean FA 

map is then thinned to create a skeletonized mean FA image, which represents 

the centres of all white matter tracts common to the group. 

(iii) The mean FA skeleton is thresholded at a certain FA value (typically around 

0.3) to exclude areas showing low mean FA and/or substantial inter-subject 

variability. 

 (iv) Each subject's aligned FA image is projected onto the thresholded skeleton, by 

filling the skeleton with FA values from the nearest relevant tract centre. Tract 

centre is identified separately for each subject and for each skeleton voxel by 

searching perpendicular to the local skeleton structure for the highest FA. 

 (v) Voxelwise statistical analyses are performed on the skeleton voxels. 

Unlike VBM-style analysis, TBSS does not rely strongly on perfect cross-subject 

alignment or smoothing, thus allowing for unbiased whole-brain analysis of diffusion 

tensor properties between multiple subjects. 
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2.3 Brain morphology 

Testing for macroscopic structural changes does not require advanced MRI 

sequences such as DTI, but is typically based on 3D high-resolution T1-weighted MR 

images with a good grey/white matter contrast. There are several techniques and 

metrics that one can use to test for macroscopic structural differences between 

populations. In this thesis, I will describe two such MRI techniques: voxel-based 

morphometry (VBM) and automated MRI volumetry. 

2.3.1 Voxel-based morphometry 

Voxel-based morphometry (VBM) is an automated technique that enables 

whole-brain voxelwise group comparison of brain morphology. Since its original 

introduction (Ashburner and Friston, 2000), several methodological improvements 

have been made and a number of different VBM approaches have been implemented. 

Here, I describe an optimized VBM protocol (Good et al., 2001b), as implemented in 

the freely available FMRIB's Software Library (FSL, www.fmrib.ox.ac.uk/fsl). 

Performing VBM analysis with FSL involves the following steps. 

 (i) Brain extraction:  The high-resolution T1-weighted input images are brain-

extracted using FSL's Brain Extraction Tool (BET) (Smith, 2002). 

 (ii) Tissue-type segmentation: The brain-extracted MRI data are segmented into 

grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue 

classes using FMRIB's Automated Segmentation Tool (FAST) (Zhang et al., 

2001). The generated GM, WM and CSF partial volume images contain voxel 

values ranging from 0 to 1, which represent the proportion of GM, WM and 

CSF respectively in all voxels. 

 (iii) Template creation: 

a, The GM partial volume images of all subjects are affine-registered (12 

degrees-of-freedom) to the GM ICBM-152 standard space template using 

FMRIB's Linear Image Registration Tool (FLIRT) (Jenkinson et al., 2002). The 

registered images of the subjects selected for template creation are averaged 

together with their respective mirror images to create an initial symmetric, 

study-specific GM template.  

b, The „original” GM partial volume images of all subjects are non-linearly 

registered to the initial study specific GM template using FMRIB's Nonlinear 
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Image Registration Tool (FNIRT) (Andersson et al., 2007a). The non-linearly 

registered images of the subjects chosen for template creation are averaged 

together with their respective mirror images to create the final symmetric, 

study-specific GM template. 

 (iv) Non-linear alignment of GM images to the template space: All „original” 

GM partial volume images are non-linearly registered to the final study-specific 

template. 

 (v) Modulation:  The non-linearly aligned GM images are modulated. Modulation 

is a processing step that compensates for the local volume changes 

(contraction/enlargement) due to the spatial alignment to the template by 

multiplying the image intensities of each registered GM partial volume image 

by the amount of local contraction applied during the non-linear registration 

(i.e. the Jacobian of the warp field). For example, if a certain brain region of 

one subject has twice the volume of that in the study-specific template, then its 

volume will be halved during the registration step. In this case the modulation 

will double the voxel intensities of this region, which ensures that the total 

amount of GM remains the same as in the original image (i.e. before the 

registration) (Whitwell, 2009). Using this adjustment allows testing for regional 

differences in the amount (volume) of GM instead of GM concentration. The 

FSL-VBM protocol introduces a compensation only for the non-linear 

component of the spatial alignment (nl_modulation). Excluding the affine 

component from the modulation is thought to compensate for volumetric 

differences due to head-size. However, this is not necessarily an effective way 

for head-size correction as suggested by our second experiment. 

 (vi) Smoothing: The registered, modulated data are smoothed by a range of 

Gaussian kernels; sigma=2, 3, 4mm. Smoothing can improve the signal-to-noise 

ratio (SNR), may reduce intersubject variability due to registration inaccuracies 

and helps to satisfy the distributional requirements for applying parametric 

statistical tests (Ashburner and Friston, 2000). However, excessive smoothing 

might reduce the chance of detecting regional differences at a small spatial 

scale. As a rule of thumb, the extent of smoothing should be comparable to the 

expected size of the effect of interest whenever possible (Ashburner and 

Friston, 2000). 
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(vii) Statistical analysis: Finally, statistical analysis is performed to localize brain 

regions, where GM volume is significantly related to the variable under study. 

Non-parametric permutation test is recommended as part of the FSL-VBM 

protocol, as the assumptions of a parametric approach (e.g. t-statistic) are often 

unfeasible for VBM data. Given the large number of voxels being tested 

(~200000), a correction for multiple comparisons is needed to reduce the chance 

of obtaining false-positive results. The most commonly used approach to 

address this issue is based on the theory of Gaussian random field (GRF) 

(Worsley et al., 1992). However, because the real VBM data may be 

incompatible with the assumptions underlying GRF, the correction for multiple 

comparisons via non-parametric permutation testing is recommended. Both 

voxel- and cluster-based thresholding options are available as part of the FSL's 

permutation testing (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide). 

The voxel-based option corrects for multiple comparisons by using the null 

distribution (across permutations of the input data) of the maximal (over the 

volume of interest) voxelwise statistic, while the cluster-based option corrects 

for multiple comparisons by using the null distribution of the maximal cluster 

size/mass (Nichols and Holmes, 2002). The cluster-based thresholding is often 

more sensitive compared to the voxel-based approach, but the choice of the 

initial cluster-forming threshold can have large impact on the final results. To 

preserve the sensitivity benefits of cluster-based correction without the need for 

an arbitrary cluster-forming threshold, a novel method – referred to as 

„ threshold-free cluster enhancement” (TFCE) – was proposed and implemented 

in FSL (Smith and Nichols, 2009). 

2.3.2 MRI volumetry 

Manual tracing of the examined brain structures is considered as the gold 

standard method for MRI volumetry even today. However, it is very time-consuming 

and requires highly skilled experts in neuroanatomy, moreover there are usually no 

well-established, generally accepted protocols for the segmentation procedure 

(Geuze et al., 2005). Recently, reliable automated user-independent methods with 

high accuracy and reproducibility have become available, which enable unbiased 

large-scale volumetric studies. FreeSurfer and FSL-FIRST are two popular freely 

available automated volumetric methods, both have been shown to be comparable in 
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accuracy to manual segmentation (Fischl et al., 2002; Patenaude et al., 2011). Given 

that FreeSurfer was found to be more accurate for hippocampal segmentation than 

FSL-FIRST (Morey et al., 2009) and that FreeSurfer was familiar to us from our 

previous research on hippocampal volumetry (Perlaki et al., 2011), we decided to 

apply the subcortical segmentation stream of FreeSurfer in our second experiment, in 

order to assess sexual dimorphism in the hippocampal size. 

FreeSurfer's volume-based (subcortical) segmentation stream 

The subcortical segmentation stream of FreeSurfer gives automatic segmentation 

and volumetric data of about 40 brain structures including: left/right cerebral white 

matter, left/right cerebral cortex, left/right lateral ventricle, left/right inferior lateral 

ventricle, left/right cerebellum white matter, left/right cerebellum cortex, left/right 

thalamus, left/right caudate, left/right putamen, left/right pallidum, left/right 

hippocampus, left/right amygdala, left/right lesion, left/right accumbens area, 

left/right ventral diencephalon, left/right vessel, third ventricle, fourth ventricle, brain 

stem, cerebrospinal fluid. Technical details of the automated subcortical 

segmentation are described in prior methodological publications (Fischl et al., 2002; 

Fischl et al., 2004). 

FreeSurfer applies several preprocessing steps before the segmentation process. 

Initially, the T1-weighted MR image is converted from DICOM to a ZLib 

compressed MGH (Massachusetts General Hospital) format and resampled to a 

coronal 3-dimensional image with 1 mm3 isotropic voxel-size and a 256 x 256 x 256 

matrix. Then, a non-parametric non-uniform intensity normalization (N3) – making 

relatively few assumptions about the data – is applied to correct for intensity non-

uniformity in the MR data (Sled et al., 1998). It is followed by an affine registration 

to the MNI305 template (Collins et al., 1994), a further intensity normalization and 

the removal of non-brain tissues (Segonne et al., 2004). Next, linear volumetric 

registration to the FreeSurfer's default gaussian classifier array (GCA) atlas – 

encoding information estimated from a manually labeled training set – is performed. 

After a further normalization based on the GCA model, a high dimensional non-

linear transformation to align with GCA atlas and its inverse transformation are 

computed. Finally, automated volumetric labeling is performed. This step is based on 

both subject-specific measured values (i.e. intensity) and a subject-independent 
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probabilistic atlas built from a training set (i.e. GCA atlas). Fig. 4 shows the result of 

volumetric segmentation in a single subject. 

For a more complete overview of the different steps employed by the volume-

based stream, the reader is directed to FreeSurferWiki 

(https://surfer.nmr.mgh.harvard.edu/fswiki), which is the central documentation and 

download source for FreeSurfer. 

 
Fig. 4. Coronal T1-weighted MR image of the FreeSurfer’s sample subject “Bert”, with color overlays 
depicting the segmented anatomical structures. 

2.3.3 Adjustment for intracranial volume 

Volumetric measures tend to be associated with normal variation in head-size; 

people with larger heads typically have larger brain structures (Mathalon et al., 

1993). However, this head-size induced variation is usually not the main focus of our 

interest. To minimize effects of this irrelevant variance, volumetric measures are 

often “normalized” with respect to intracranial volume (ICV), especially in case of 

cross-sectional studies, where intersubject comparisons are performed (Sanfilipo et 

al., 2004). 

General linear model (GLM) and proportion approaches are two common 

methods to correct for ICV, both widely used in the literature (O'Brien et al., 2006; 

Sanfilipo et al., 2004). 
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 (i) The GLM approach corrects for head-size in a linear regression model, 

including ICV as a covariate of no interest. Normalizing by ICV within GLM 

assumes an additive model: 

i10i ICVββV ⋅+=  

where i is the subject index, Vi is the volumetric measure of the examined brain 

region, ICVi is the intracranial volume, β0 and β1 are constants. Error terms are 

disregarded. 

 (ii) The proportion method normalizes for head-size directly by dividing the brain 

structure volume by the ICV (generating relative volumes). This approach 

assumes that ICV has a multiplicative effect on brain structure volume 

according to the following multiplicative model: 

i1i ICVβV ⋅=  

 where i is the subject index, Vi is the volumetric measure of the examined brain 

region, ICVi is the intracranial volume and β1 is a constant. Error terms are 

disregarded. 

Although there are some critical evaluations about the advantages/disadvantages 

of the GLM and proportion methods, there is no consensus regarding the most 

accurate way to adjust for head-size in statistical analyses (Arndt et al., 1991; 

Mathalon et al., 1993; O'Brien et al., 2011; O'Brien et al., 2006; Sanfilipo et al., 

2004).  

The strong effect of ICV on voxel-wise volume information was also 

demonstrated, suggesting that head-size correction should be considered in VBM 

analyses as well (Barnes et al., 2010; Pell et al., 2008). In case of VBM, there are two 

common approaches to handle head-size induced variations:  

 (i) Grey matter images are corrected (“modulated”) for local volume changes due 

to both the affine and nonlinear parts of the registration and ICV is included in 

the statistical model as a covariate of no interest (Peelle et al., 2012). 

 (ii) Voxel values in grey matter images are modulated only for the nonlinear effects 

of the spatial transformation. In this case, head-size differences are compensated 

by not considering (modulating for) volume changes due to the affine part of the 

registration (Scorzin et al., 2008). 
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The first method normalizes for ICV using GLM, while the second approach 

converges to the proportion approach. 
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3. Objectives 

The aim of this thesis was to examine macro- and microstructural brain 

variations in healthy normal volunteers using the latest image processing methods 

such as automated MRI volumetry, voxel-based morphometry (VBM) or voxelwise 

analysis of multi-subject diffusion data with tract-based spatial statistics (TBSS). 

The effects of handedness, gender and age are commonly considered in human 

neuroscience studies. Since aging is accompanied by a number of age-related 

diseases, we focused on the other two factors: handedness and gender. 

Our first experiment targeted consistent left-handers to examine the relationship 

between white matter microstructure and language lateralization in a combined 

analysis of diffusion tensor imaging (DTI) and functional magnetic resonance 

imaging (fMRI) data. Unlike previous studies, this experiment provides insights into 

the microstructural correlates of language lateralization at the whole-brain level – 

without any pre-specification of regions of interest – using the novel voxel-based 

TBSS approach. 

The second experiment aims to address the question of sexual dimorphism in 

hippocampal volume by automated MRI volumetry and VBM using both general 

linear model (GLM) and proportion head-size correction strategies. Previous studies 

on sexual dimorphism in hippocampal volume did not always yield consistent 

findings (see Section 1.2). Our hypothesis is that one reason for the diversity of 

earlier results might lie in different types of head-size correction methods, a fact that 

is largely neglected, but is of great importance in morphological studies. 
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4. Materials and methods 

4.1 White-matter microstructure and language lateralization 
in left-handers: A whole brain MRI analysis 

4.1.1 Subjects 

In order to increase the chances of including individuals exhibiting atypical 

language lateralization and to avoid confounding effects of demographical 

differences on diffusion measures, only left-handed, healthy, young women were 

recruited. Based on advertisements placed on notice boards across the University of 

Pécs, eighteen healthy, left-handed, Caucasian, female, graduate or postgraduate 

university students between age of 20 and 25 without history of brain disorders were 

enrolled. Edinburgh Handedness Inventory (EHI) was used to assess the handedness 

of all subjects (Oldfield, 1971). Two individuals were excluded due to excessive 

head movements causing motion artifacts in the acquired MR images. Thus, we 

included a total of 16 healthy, young (mean age: 21.8±1.7; range: 20 to 25 years), 

left-handed (mean EHI score: -79±18.4; range: -50 to -100) women. The study was 

approved by the Regional Ethical Committee of the University of Pécs. All subjects 

got detailed information about the investigation and gave written informed consent 

prior to the examination. 

4.1.2 Magnetic resonance imaging 

All MRI measurements were performed on a 3T Magnetom TIM Trio human 

whole-body MRI scanner (Siemens AG, Erlangen, Germany) with a 12-channel head 

coil. 

Functional images were acquired using a 2D single-shot gradient-echo echo-

planar imaging (EPI) sequence (TR/TE = 2000/36 ms; Flip Angle = 76°; 23 axial 

slices; slice thickness = 4 mm; no interslice gap; FOV = 192 x 192 mm2; matrix size 

= 92 x 92; receiver bandwidth = 1360 Hz/pixel; interleaved slice order to avoid 

crosstalk between contiguous slices). A total of 210 volumes were acquired during 

the verbal fluency task. 

DTI data were measured using a 2D single-shot diffusion-weighted spin-echo 

EPI sequence (TR/TE = 6700/78 ms; 60 axial slices; slice thickness = 2 mm; no 

interslice gap; FOV = 211 x 260 mm2; matrix size = 104 x 128; diffusion gradients 
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were applied in 20 directions with a b-value of 700 s/mm2 and a single volume was 

collected with no diffusion gradients applied; bandwidth = 1698 Hz/pixel; number of 

averages = 3). 

Anatomical images were obtained using a T1-weighted three-dimensional 

MPRAGE sequence (TR/TI/TE = 1900/900/3.41 ms; Flip Angle = 9°; 144 axial 

slices; slice thickness = 0.9 mm; no interslice gap; FOV = 201 x 230mm2; matrix size 

= 215 x 256; receiver bandwidth = 180 Hz/pixel). 

4.1.3 Functional MRI paradigm 

As in our previous studies, a standard verbal fluency task with a block design 

was used to assess functional hemispheric language lateralization (Auer et al., 2009; 

Janszky et al., 2003). 

The paradigm included seven cycles of 30 second long rest alternating with 30 

second long internal word generation task (r-A-r-A-r-A-r-A-r-A-r-A-r-A; where r = 

rest and A = active phases). During the active conditions, the subjects were asked to 

silently generate different words in Hungarian starting with a particular letter without 

any movements (e.g. pronunciation) until the word “end” was announced indicating 

the rest phase. During the rest periods, they were instructed to stop the active task 

and relax. The seven different starting letters (S, K, E, T, L, A, N) were presented via 

MRI-compatible electrostatic headphones specifically designed for fMRI 

(NordicNeuroLab, Bergen, Norway). Subjects laid in the scanner quietly with their 

eyes closed during both conditions. The whole fMRI examination was explained in 

detail before the scanning and subjects were questioned to ensure the instructions 

were fully understood. 

4.1.4 Functional MRI data analysis 

Pre-processing and statistical analysis were performed using FEAT (FMRI 

Expert Analysis Tool) Version 5.98, part of FSL (FMRIB's Software Library, 

www.fmrib.ox.ac.uk/fsl). Pre-processing included BET brain extraction (Smith, 

2002), MCFLIRT motion correction (Jenkinson et al., 2002), spatial smoothing with 

5 mm full width at half maximum and high-pass temporal filtering with 120 s cut-off. 

The temporal filtering applied to the data was used for the model as well. General 

linear model (GLM) time-series statistical analyses were carried out using FILM 

(FMRIB's Improved Linear Model) with local autocorrelation correction (Woolrich 
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et al., 2001). To model the blood oxygen level-dependent (BOLD) response a box-

car function with “task” vs. “rest” conditions was convolved with the FSL's 

canonical gamma haemodynamic response function (HRF). The temporal derivative 

of this waveform was also included in our design-matrix to correct for slight overall 

temporal shifts between the model and the data. First-level statistical maps were 

thresholded using clusters determined by Z > 2.3 and a corrected cluster significance 

threshold of P = 0.05 to assess fMRI activations in main language areas (Worsley, 

2001). 

Single-session data sets were registered into standard space prior to language 

asymmetry index (AI) calculation using a three-step process. First, low-resolution 

fMRI data from each subject were registered to that subject's (brain-extracted) high-

resolution structural MRI (7 degrees-of-freedom linear fit), then the high-resolution 

image was registered to the MNI152 standard brain image (12 degrees-of-freedom 

linear fit) using FLIRT (Jenkinson et al., 2002). Subsequently, the registration from 

structural image to the standard space was further refined using FNIRT nonlinear 

registration (Andersson et al., 2007a; Andersson et al., 2007b). The resulting linear 

and non-linear deformations were combined mathematically and applied to the first-

level statistical maps to transform them into standard space. Interpolation was only 

used in the final step, not in the registration calculations. Second-level mixed-effects 

analyses (FLAME 1) were carried out to obtain the mean group activations during 

verbal fluency task, separately for subjects with typical (n = 10) and atypical (n = 6) 

language lateralization. The resulting Z-score images were thresholded using clusters 

determined by Z > 3.1 and a (corrected) cluster significance threshold of P = 0.01 for 

the typical and Z > 2.6 and a (corrected) cluster significance threshold of P = 0.01 for 

the atypical group (Worsley, 2001). 

4.1.5 Language asymmetry index (AI) calculation 

Because most areas of the frontal cortex are activated during verbal fluency task 

(Auer et al., 2009), language lateralization analysis was focused on frontal lobe. 

Anatomical region-of-interest (ROI) was generated in standard space for AI 

calculation by combining the frontal lobe defined by the 25% probability thresholded 

MNI Structural Atlas with its mirrored image. The ROI was symmetric across the 

cerebral hemispheres with respect to size, shape and number of voxels to allow 

unbiased calculation of AI.  
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AIs were calculated for the frontal lobe mask created above (excluding the 

midline ±5 mm) using the LI-toolbox (Wilke and Lidzba, 2007) available as part of 

the SPM8 software package (Wellcome Trust Centre for Neuroimaging, London, 

UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), employing the T-score maps 

resulting from individual first-level analyses registered to standard space as input 

(see Section 4.1.4). Because asymmetry indices based on one single fixed statistical 

threshold do not yield robust or reproducible results (Jansen et al., 2006) and the 

asymmetry values highly depend on the applied threshold (Suarez et al., 2008), the 

robust and stable weighted bootstrapping method was used to generate threshold-free 

AI values (Wilke and Schmithorst, 2006). Positive AI values represent left-

hemispheric language lateralization; negative ones indicate right-hemispheric 

lateralization.  

Language dominance was classified as left hemispheric (AI > 0.2), bilateral (-0.2 

≤ AI ≤0.2) or right-sided (AI < -0.2) (Springer et al., 1999). 

4.1.6 Diffusion data processing and voxelwise statistical analysis 

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

by 12 degrees of freedom affine registration to a reference volume (i.e. the volume 

without diffusion-weighting; b-value = 0 s/mm2). After brain extraction using BET 

(Smith, 2002), FMRIB's diffusion toolbox (http://www.fmrib.ox.ac.uk/fsl/fdt ) was 

used to generate voxelwise images of fractional anisotropy (FA) and mean diffusivity 

(MD) by fitting a diffusion tensor model to the data at each brain voxel (Smith et al., 

2004). 

Image analysis was carried out using Tract-Based Spatial Statistics (TBSS v1.2) 

(Smith et al., 2006). First, all subjects' FA data were nonlinearly aligned to a high-

resolution standard space average of 58 well-aligned, good-quality FA images from 

healthy subjects (FMRIB58_FA standard space image) using the nonlinear 

registration tool FNIRT (Andersson et al., 2007a; Andersson et al., 2007b). Next, the 

mean FA image was created and thinned to generate a mean FA skeleton which 

represents the centers of all tracts common in all examined subjects. This mean 

skeleton was thresholded at FA > 0.3 to include major WM pathways where we 

could assume a good tract correspondence across subjects, but exclude minor tracts 

showing substantial inter-subject variability and/or being potentially dominated by 

grey matter or cerebrospinal fluid partial voluming (Smith et al., 2006). Individual 
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FA images were then projected onto this skeleton, by filling the skeleton with FA 

values from the nearest relevant tract centre. This was achieved (for each skeleton 

voxel) by searching perpendicular to the local skeleton structure for the maximum 

value in the subject's FA image. The same nonlinear warps and skeleton projection 

derived for the FA maps were applied to the MD data as well. The resulting 

skeletons were fed into voxelwise cross-subject statistical analysis to test for linear 

correlations between water diffusion characteristics (FA, MD) and language 

lateralization. 

To test the effect of language lateralization on asymmetry in water diffusion, a 

symmetric mean FA skeleton was also derived using “tbss_sym” script 

(http://www.fmrib.ox.ac.uk/fsl/tbss). This skeleton was restricted to only those parts 

of the “original” skeleton that were already sufficiently close to being symmetric. 

Each subject's aligned FA data were then projected onto this symmetric skeleton. To 

make the statistical test more straightforward, this 4D dataset was left-right flipped, 

the latter subtracted from the former and the difference was divided by the sum of the 

original and flipped datasets. Finally, the left half of this dataset (corresponding to 

the "right" side of standard space) was zeroed, as the same information (inverted) 

was present on the left and right sides of the image. Asymmetry maps based on MD 

values were also generated. 

Voxelwise GLM was applied on the skeletonized diffusion data using 

permutation-based non-parametric testing (5000 permutations), with AI as variable 

of interest (Nichols and Holmes, 2002). Results were considered significant for P < 

0.05, corrected for multiple comparisons using „threshold-free cluster enhancement” 

(TFCE), which avoids making an arbitrary choice of the cluster-forming threshold, 

while preserving the sensitivity benefits of clusterwise correction (Smith and 

Nichols, 2009). 

4.2 Are there any gender differences in the hippocampus 
volume after head-size correction? A volumetric and voxel-
based morphometric study 

4.2.1 Subjects 

Ninety-nine healthy, Caucasian, graduate or postgraduate university students (66 

women and 33 men; mean age: 22.9 ± 2.2 and 23.5 ± 2.4, range: 19 to 31 and 20 to 

30 years respectively) were recruited and included. Males and females did not differ 
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in the distribution of education or age (Fisher’s exact tests, P > 0.05). To facilitate 

the assessment of gender differences in demographic variables, education and age 

were categorized into two groups: graduate vs. postgraduate and 19-25 vs. 26-31 

years. All subjects got detailed information about the investigation and gave written 

informed consent prior to the examination. The study was approved by the Regional 

Ethical Committee of the University of Pécs. 

4.2.2 Magnetic resonance imaging 

T1-weighted three-dimensional MPRAGE images were acquired on a 3T 

Magnetom TIM Trio human whole-body MRI scanner (Siemens AG, Erlangen, 

Germany) with the following parameters: TR/TI/TE = 2530/1100/3.37 ms; Flip 

Angle = 7°; 176 sagittal slices; slice thickness = 1 mm; FOV = 256 x 256 mm2; 

matrix size = 256 x 256; receiver bandwidth = 200 Hz/pixel. 

4.2.3 Intracranial volume measure 

Manual segmentation of intracranial cavity is often considered as a reference 

method to assess ICV. However, this method is very time-consuming and prone to 

observer dependent bias (Ambarki et al., 2012). Therefore, in the present study, the 

reciprocal of volumetric scaling factor derived automatically from SIENAX was 

used as a surrogate for ICV (Smith et al., 2002). In short, SIENAX starts by 

extracting brain and skull images from the T1-weighted structural image using BET 

(Jenkinson et al., 2005; Smith, 2002). The brain image is then affine-registered to 

MNI152 space using the skull image to determine the registration scaling and skew 

(Jenkinson et al., 2002; Jenkinson and Smith, 2001). SIENAX computes the scaling 

factor as the determinant of the calculated affine transformation matrix. The 

reciprocal of this scaling factor, henceforth referred to as ICVsienax, was used as an 

index of ICV. The validity of ICVsienax as a predictor of ICV was demonstrated in an 

earlier study (Fein et al., 2004). 

4.2.4 MRI volumetry 

Left and right hippocampal volumes were estimated from T1-weighted 

MPRAGE images using the FreeSurfer 4.5 image analysis suite 

(https://surfer.nmr.mgh.harvard.edu/). FreeSurfer provides one of the most reliable 

automated brain segmentation methods (Morey et al., 2009), thereby allowing us to 
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assess hippocampal volume in a large sample of subjects. The technical details of 

automated hippocampal segmentation were described previously (Fischl et al., 2002). 

The final segmentation is based on both subject-independent probabilistic 

information and subject-specific measured values. Quality control was performed 

throughout the automatic processing stream and error correction was performed 

when necessary, based on the recommended reconstruction workflow 

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

Statistical analyses were performed using SPSS 20.0 software (IBM Corp., 

Armonk, NY). Left and right hippocampal volumes were handled separately. 

 (i) Absolute hippocampal volumes were compared between males and females 

using unpaired t-test. 

 (ii) To correct for head-size through GLM, a multiple linear regression model was 

constructed with absolute hippocampal volume as dependent, while gender and 

ICVsienax as independent variables. 

(iii) To correct for head-size using the proportion method, the hippocampal volumes 

were divided by their corresponding ICVsienax. The relative hippocampal 

volumes were then compared between males and females using unpaired t-test. 

 (iv) A subset of subjects with closely matched head-size was also analyzed. Males 

and females were paired based on an automated and objective method described 

earlier (Ardekani et al., 2013). Briefly, the absolute differences in ICVsienax were 

computed for every possible pairings of males and females and then one male 

and one female with the minimum absolute difference in ICVsienax were paired 

and removed from the cohort. This procedure was repeated until there were no 

remaining pairs of males and females with relative difference in ICVsienax less 

than 5%. The above method resulted in 15 matched pairs of males and females. 

This group was then tested for gender differences in absolute hippocampal 

volumes using non-parametric Wilcoxon signed-rank test. 

 (v) Both women and men were divided into two subgroups based on their median 

ICVsienax. The hippocampal volumes of women (or men) with smaller ICV were 

compared to women (men) with larger ICV by using both GLM and proportion 

head-size correction strategies. When using the GLM method a multiple linear 

regression model was constructed with absolute hippocampal volume as 

dependent, while the subgroup membership and ICVsienax as independent 
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variables. In case of the proportion method the relative hippocampal volumes 

were compared between the subgroups by Mann-Whitney U-test. 

In order to control for the potential confounding effects of age, the above 

comparisons were repeated using multiple linear regression with age as an 

independent variable. 

Results were considered significant at P ≤ 0.05 for all statistical tests. 

4.2.5 Voxel-based morphometry 

Voxel-based morphometry was performed using FSL-VBM 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fslvbm/). First, all structural images were brain-

extracted using BET (Smith, 2002). Next, tissue-type segmentation was carried out 

using FAST (Zhang et al., 2001) and the resulting grey matter partial volume images 

were non-linearly registered to MNI152 standard space (Andersson et al., 2007a). 

The registered images of 33 men and 33 randomly chosen women were averaged 

together with their respective mirror images to create a left–right symmetric study-

specific grey matter template (an equal number of subjects from both groups was 

used to avoid bias). All the 99 native grey matter images were non-linearly registered 

to this study-specific template and “modulated” to correct for volume changes due to 

spatial transformation. 

Two different types of modulations were performed. First, voxel values in grey 

matter images were corrected for volume changes due to both affine and nonlinear 

components of the registration (full_modulation). Thus, the total amount of grey 

matter remains the same as in the original images, so individual differences due to 

head-size are also preserved. Second, voxel values in grey matter images were 

corrected only for the nonlinear effects of the spatial transformation (nl_modulation). 

Excluding the affine component from the modulation is an approximate of 

multiplying the full_modulated data with the relative volumetric scaling factor due to 

affine registration1. Considering that the reciprocal of this scaling factor is a valid 

measure of ICV (Buckner et al., 2004), the nl_modulated data are inherently adjusted 

for head-size according to the proportion method. 

                                                 
1 If there were no skews introduced by the affine transformation, the nl_modulated data would be 
exactly the same as multiplying the full_modulated data with the relative volumetric scaling factor due 
to affine registration. In the presence of skews, the two dataset may slightly differ in certain voxels. 
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The modulated grey matter images were then smoothed with an isotropic 

Gaussian kernel (sigma = 3 mm). Finally, to test for gender differences, voxelwise 

GLM limited to left and right hippocampal regions was applied using permutation-

based non-parametric testing (10000 permutations). The hippocampal regions were 

defined using the maximum probability Harvard-Oxford Subcortical Structural Atlas 

thresholded at 25% and masked by the grey matter mask automatically generated as 

part of the FSL-VBM protocol. 

 (i) Absolute hippocampal size was compared between males and females in a 

voxel-wise manner using the full_modulated data without considering ICVsienax 

in the statistical model. 

 (ii) Head-size was controlled through GLM using the full_modulated data and 

incorporating the gender and ICVsienax as independent variables in the statistical 

model. 

(iii) To correct for head-size using the proportion method, the nl_modulated data 

were compared between males and females without considering ICVsienax in the 

statistical model. 

 (iv) The 15 head-size matched pairs of males and females were tested for gender 

differences in absolute hippocampal size using the full_modulated data without 

considering ICVsienax in the statistical model. 

 (v) The hippocampal volumes of women with smaller ICV were compared to 

women with larger ICV by using both GLM and proportion head-size correction 

strategies. The same comparisons were performed between men with smaller 

ICV and men with larger ICV. Head-size was controlled through GLM using 

the full_modulated data and incorporating the subgroup membership and 

ICVsienax as independent variables in the statistical model. In case of the 

proportion method, the nl_modulated data were compared between the head-

size based subgroups without considering ICVsienax in the statistical model. 

In order to control for the potential confounding effects of age, the above 

analyses were repeated including age as a covariate. 

Results were considered significant for P ≤ 0.05 (after initial cluster-forming 

threshold at t = 2.0), fully corrected for multiple comparisons. 
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5. Results 

5.1 White-matter microstructure and language lateralization 
in left-handers: A whole brain MRI analysis 

5.1.1 Functional MRI  

All 16 subjects included in the study performed successfully the silent word 

generation task, as demonstrated by the robust activation in the frontal language 

areas of at least one hemisphere. Left hemispheric language lateralization was 

observed in 10 of 16 subjects, 1 showed bilateral and 5 demonstrated right-sided 

lateralization. Table 1 summarizes the asymmetry indices of the participants. 

Table 1 
Asymmetry indices of the subjects. 

Subject AI Language dominance 
1 -0.65 Right-sided 
2 0.7 Left-sided 
3 -0.85 Right-sided 
4 0.41 Left-sided 
5 0.72 Left-sided 
6 -0.7 Right-sided 
7 -0.62 Right-sided 
8 -0.44 Right-sided 
9 0.33 Left-sided 
10 0.84 Left-sided 
11 0.79 Left-sided 
12 0.93 Left-sided 
13 -0.02 Bilateral 
14 0.84 Left-sided 
15 0.7 Left-sided 
16 0.9 Left-sided 

AI = language asymmetry index evaluated from frontal lobe. 

Fig. 5a and Fig. 5b show the group level activations during internal word generation 

for subjects with typical (n = 10) and atypical (n = 6) language lateralization 

respectively. 
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Fig. 5. Group level activations during verbal fluency task separately for subjects with typical (Fig. 5a) 
and atypical (Fig. 5b) language lateralization. Images were thresholded using clusters determined by Z 
> 3.1 and a (corrected) cluster significance threshold of P = 0.01 for the typical and Z > 2.6 and a 
(corrected) cluster significance threshold of P = 0.01 for the atypical group. Axial slices are shown in 
ragiological convention for MNI slice coordinates from Z = -32 mm to Z = 60 mm. 

Anatomical locations and coordinates of significant clusters are presented in Table 2. 

In brief, significant activations were observed in the precentral gyrus, inferior frontal 

gyrus, supplementary motor cortex, anterior cingulate gyrus, cerebellum and insular 

cortex for both groups, but as expected activations were more strongly left-

lateralized in subjects with AI > 0.2. 
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Table 2 
Brain regions showing significant activations during internal word generation task in subjects with 
typical (a) and atypical (b) language lateralization. 

ID Brain Region Cluster size (mm3) Z x y z 

(a) Subjects with typical language lateralization 
1 Left precentral gyrus  26344 5.46 -58 6 22 

 Left inferior frontal gyrus (p. opercularis)  4.82 -48 22 18 

 Left inferior frontal gyrus (p. triangularis)  4.53 -38 36 14 

2 Left/right supplementary motor cortex 6584 4.83 -4 -4 58 

 Left/right anterior cingulate gyrus  3.84 -4 20 34 

3 Left/right cerebellum 6408 4.45 -2 -58 -24 

4 Right insular cortex 2296 4.19 34 16 2 

(b) Subjects with atypical language lateralization 

1 Right insular cortex 9264 4.26 48 16 -6 

 Right inferior frontal gyrus (p. opercularis)  3.66 60 14 4 

 Right precentral gyrus  3.47 48 4 12 

2 Left/right anterior cingulate gyrus 3976 3.39 12 18 36 

 Left/right supplementary motor cortex  3.35 -8 -2 64 

3 Left insular cortex 3200 3.77 -44 16 -6 

4 Left/right cerebellum 3080 3.44 2 -56 -28 

ID = cluster index; Z = Z-scores of local maxima in each cluster; x-, y- and z-values correspond to the 
MNI coordinates of local maxima in mm; more local maxima are reported in each cluster when the 
cluster encompasses more than one anatomical location. 

5.1.2 Voxelwise statistical analysis of diffusion data 

TBSS analysis showed a significant inverse correlation between the language 

asymmetry index (AI) and MD in the left superior longitudinal fasciculus (SLF), left 

angular gyrus white-matter (AnG-WM) and the left superior parietal lobe white-

matter (SPL-WM). Higher microstructural organization (lower MD) of these regions 

was associated with left-hemispheric language dominance, while lower structural 

organization (higher MD) was related to atypical language lateralization (Fig. 6, 

Table 3a). 

Local FA values also showed significant voxelwise correlations with language 

lateralization in the left SLF and left AnG-WM. Higher microstructural organization 

(higher FA) was associated with left-hemispheric language dominance, while lower 

structural organization (lower FA) was related to atypical language lateralization 

(Fig. 6, Table 3b). A skeleton-based ROI analysis of FA was also performed in the 

left superior parietal region, where TBSS showed significant results only for MD 

(Fig. 6, axial slices from Z = 42 mm upwards). With the ROI analysis we could 

demonstrate a significant positive correlation between AI and FA for this region 

(Spearman’s rank correlation, rho = 0.547, P = 0.028). 
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Fig. 6. Results of TBSS analysis of the WM skeleton. Red-yellow shows regions demonstrating 
significant positive correlation (corrected P < 0.05) between language asymmetry index (AI) and 
fractional anisotropy (FA). Blue-light blue indicates negative correlation (corrected P < 0.05) between 
AI and mean diffusivity (MD). Overlapping regions are marked green. The skeletonized results have 
been thickened for better visibility. AI-related microstructural changes were identified in the left SLF 
(Z = 16-38 mm axial slices), left AnG-WM (Z = 24-30 mm axial slices) and the left SPL-WM (Z = 42-
50 mm axial slices) as labeled by the second edition of the MRI Atlas of Human White Matter (Oishi 
et al., 2010). Black shows mask of the mean FA skeleton thresholded at FA > 0.3. The background 
image is the group mean FA (in MNI152 standard space). Axial slices are shown in radiological 
convention for MNI slice coordinates from Z = 16 mm to Z = 54 mm. 
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Table 3 
Localization of significant correlations between language asymmetry index (AI) and diffusion 
properties (MD and FA). 

Brain Region Cluster size (mm3) P x y z 

(a) Inverse correlation between AI and MD 
Left superior longitudinal fasciculus 1088 0.024 -35 -36 33 

Left superior parietal lobe white-matter  0.027 -20 -48 41 

Left angular gyrus white-matter  0.032 -35 -52 27 

(b) Positive correlation between AI and FA 

Left superior longitudinal fasciculus 543 0.034 -36 -32 29 

Left angular gyrus white-matter  0.037 -40 -46 23 

P = TFCE-corrected significance levels of local maxima in each cluster;  x-, y- and z-values 
correspond to the MNI coordinates of local maxima in mm; more local maxima are reported in each 
cluster when the cluster encompasses more than one anatomical location. 

Scatterplots demonstrating the associations of FA vs. AI and MD vs. AI for the 

significant voxels found by TBSS are shown in Fig. 7a and Fig. 7b respectively. 

 
Fig. 7. Diffusion properties plotted against language asymmetry index (AI). Fig. 7a shows the 
positive correlation between AI and fractional anisotropy (FA) averaged over the voxels where TBSS 
showed significant association between AI and FA. Fig. 7b illustrates the negative correlation 
between AI and mean diffusivity (MD) averaged over the region where TBSS showed significant 
negative relationship between AI and MD. Spearman’s correlation coefficients (rho) are also 
presented. 

We didn’t find any correlation between language lateralization and diffusion 

characteristics (FA, MD) in the corpus callosum, where earlier studies found 

contradictory results (see Section 1.1). Furthermore, no linear correlations were seen 

between the language lateralization and brain asymmetry for FA or MD. 



 42 

5.2 Are there any gender differences in the hippocampus 
volume after head-size correction? A volumetric and voxel-
based morphometric study 

Controlling for the potential confounding effects of age did not change the 

pattern of significance and age was not proved to be a significant predictor in any of 

the analyses performed. Final results are presented without controlling for age. There 

was no interaction between head-size and gender (i.e. ICVsienax*gender) in any of the 

analyses performed. 

5.2.1 MR volumetry 

 (i) Both left and right absolute hippocampal volumes were significantly larger in 

men than women (P < 0.001, see Fig. 8) 

 (ii) GLM analysis (including absolute hippocampal volume as dependent variable 

and gender and ICVsienax as independent variables) indicated positive effects of 

ICVsienax on both left and right hippocampal volumes (P < 0.001, see Fig. 9), 

while no significant gender differences were observed (Fig. 10). 

(iii) Proportion method indicated that both left and right relative hippocampal 

volumes (absolute hippocampal volume divided by the ICVsienax) were larger in 

women than men (unpaired t-test, P < 0.001; Fig. 11). 

 (iv) In the cohort of 30 young adults closely matched for head-size, there were no 

significant effects of gender on either left or right absolute hippocampal 

volumes. 

 (v) The proportion method indicated significantly increased hippocampal size 

bilaterally in men with smaller ICV (n = 16) compared to men with larger ICV 

(n = 17), but not significant differences between women with smaller ICV and 

women with larger ICV. The GLM indicated no significant differences between 

subgroups in any sexes. 
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Fig. 8. Boxplots illustrating the significantly larger left and right absolute hippocampal volumes in 
men compared to women (a and b respectively). In the box plots, whiskers are set at minimum and 
maximum, the horizontal line marks the median, whereas box indicates the interquartile range (25–
75%). 

 
Fig. 9. Partial regression plots demonstrating the significant positive relationships between head-size 
and both left and right absolute hippocampal volumes after the effects of gender were removed (a and 
b respectively). Linear correlation coefficients (r) are also presented. 
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Fig. 10. Partial regression plots demonstrating no gender difference in either left or right hippocampal 
volumes when the effect of head-size was controlled through GLM (a and b respectively). Linear 
correlation coefficients (r) are also presented. 

 
Fig. 11. Boxplots illustrating the significantly larger left and right relative hippocampal volumes in 
women compared to men (a and b respectively). Relative hippocampal volume was calculated as the 
absolute hippocampal volume (mm3) dividing by the corresponding ICVsienax. Whiskers are set at 
minimum and maximum, the horizontal line marks the median, whereas box indicates the interquartile 
range (25–75%). 

5.2.2 Voxel-based morphometry 

 (i) Using the full_modulated data without considering ICVsienax as a confounding 

variable indicated that absolute hippocampal size was bilaterally larger in men 

than women (Fig. 12a). 

 (ii) No statistically significant gender difference was found using the 

full_modulated data and controlling for head-size through GLM. The voxelwise 

analysis of hippocampi indicated significant positive effects of ICVsienax 

bilaterally (Fig. 12b). 
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(iii) The nl_modulated data (inherently corrected for head-size according to the 

proportion method) indicated significantly larger hippocampi in women than 

men (Fig. 12c). 

 (iv) In case of the matched pairs of male and female subjects, no significant gender 

differences were found in absolute hippocampal size using the full_modulated 

data without considering ICVsienax as a confounding variable. 

 (v) The proportion method indicated significantly increased left hippocampal size 

in women (or men) with smaller ICV compared to women (men) with larger 

ICV. The GLM method indicated no significant differences between subgroups 

in any sexes. 

 

Fig. 12. (a) Voxelwise analysis of hippocampi using the full_modulated data without considering 
ICVsienax as a confounding variable. Red-yellow shows voxels demonstrating significantly increased 
absolute amount of grey matter in men compared to women. (b) Voxelwise analysis of hippocampi 
using the full_modulated data and including gender and ICVsienax as independent variables in the 
statistical model. Red-yellow shows voxels demonstrating significant positive correlation between 
ICVsienax and absolute amount of grey matter. (c) Voxelwise analysis of hippocampi using the 
nl_modulated data without considering ICVsienax as a confounding variable. Red-yellow shows voxels 
demonstrating significantly increased relative amount of grey matter in women compared to men. 
Color bar represents t-values. The background image is the MNI152 standard space T1 template. X-, 
Y- and Z-values indicate the MNI slice coordinates in millimeter. Images are shown in radiological 
convention. 



 46 

6. Discussion 

6.1 White-matter microstructure and language lateralization 
in left-handers: A whole brain MRI analysis 

The aim of the present study was to analyze the relationship between functional 

hemispheric language lateralization and WM microstructure. To our knowledge this 

is the first study evaluating this relationship at the whole-brain level without any pre-

specification of regions of interest using the unbiased voxel-based TBSS approach. 

FA and MD – two quantitative indices of diffusion – were used to assess WM 

microstructure. Water diffusion is hindered by several barriers such as myelin 

sheaths, cell membranes or axons (Beaulieu, 2002). Loss of structural barriers to 

water diffusion is typically accompanied by increased MD and decreased FA values. 

Higher MD and lower FA values may therefore indicate lower microstructural 

organization. 

The main result of our study was that reduced microstructural integrity of the 

left-hemispheric WM was associated with atypical language dominance. 

6.1.1 Voxelwise statistical analysis of diffusion data 

Our TBSS analysis showed that language lateralization was negatively correlated 

with MD and positively correlated with FA in the left SLF. Subjects with stronger 

left-lateralized language function had lower diffusivity and higher anisotropy in the 

left SLF (more structured SLF). 

In terms of its volume, SLF may be the major cortical association fiber pathway 

in the human brain running lateral to the corticospinal tract interconnecting frontal, 

temporal and parietal association areas, which emphasizes its centrality to many 

associative or higher order brain functions (Makris et al., 2005). Four different 

components of the SLF have been recently proposed (Makris et al., 2005). All of 

them have a frontal terminus in the posterior part of the frontal lobe, but they differ 

in their origin: SLF I originates in the superior parietal lobe; SLF II and SLF III 

originate in the angular and supramarginal gyri respectively. The forth subdivision of 

the SLF, the arcuate fasciculus stems from the caudal part of the superior temporal 

gyrus arches around the caudal end of the Sylvian fissure and extends to the lateral 

prefrontal cortex along with the SLF II fibers. Although the arcuate fasciculus is just 

a component of the superior longitudinal fasciculus, their names are often 
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interchanged in the literature (Bernal and Altman, 2010; Bernal and Ardila, 2009; 

Makris et al., 2005). According to the conventional model of language organization, 

the arcuate fasciculus connects the language areas of Broca and Wernicke (Bernal 

and Altman, 2010; Catani and Mesulam, 2008). In spite of the abundant literature 

that accepts a direct connection between Broca's and Wernicke's areas (via the 

arcuate fasciculus) recent studies suggest a new language network model 

emphasizing that the arcuate fasciculus connects the posterior brain areas with 

premotor/motor areas, and not directly with Broca's area (Bernal and Altman, 2010; 

Bernal and Ardila, 2009). Nonetheless, the arcuate fasciculus may still connect to 

Broca's area through a relay station located in the premotor/motor cortex. A 

connection like this could explain why the arcuate fasciculus seems to play a more 

important role in the speech (motor function) than in the language (cognition) 

(Bernal and Altman, 2010). Keeping in mind that the arcuate fasciculus is likely to 

play a role in language, our result of association between language laterality and 

microstructural organization of the left SLF could be a reasonable finding. 

In consistent left-handers (after excluding of individuals with right-hemispheric 

language lateralization) Propper et al. found a positive correlation between the 

lateralization index of arcuate fasciculus volume and fMRI language lateralization in 

Wernicke's area (Propper et al., 2010). Powell at al. demonstrated that right-handed 

subjects with more highly lateralized mean FA of their fronto-temporal connections 

had more lateralized functional laterality of fMRI activation for verb generation in 

the frontal lobe and for reading comprehension in the temporal lobe (Powell et al., 

2006). Significant correlation between the mean FA of the left-sided fronto-temporal 

connections and fMRI activity for reading comprehension in the left inferior frontal 

gyrus was also reported, which may further support our findings. Although the above 

cited articles may provide modest support for our finding, these studies are not 

directly comparable to our one. 

Schizophrenic patients showed microstructural changes in the SLF (somewhat 

larger effect in the left SLF) compared to healthy controls (Buchsbaum et al., 2006; 

Foong et al., 2000; Karlsgodt et al., 2008; Kong et al., 2011). Language lateralization 

was also found to be more atypical in schizophrenia (Sommer et al., 2001; van 

Veelen et al., 2011). Considering our present results that microstructural organization 

of the left SLF are related to language lateralization in healthy subjects, we might 

hypothesize that atypical language lateralization and altered WM microstructure are 
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not independent changes in schizophrenia. Moreover the current results indicate, that 

atypical language dominance and reduced WM integrity in the SLF may be a normal 

although rather rare deviation from the usual pattern which is not necessarily 

associated with pathological states. However, language lateralization and WM 

microstructure has not been investigated simultaneously in schizophrenia. Future 

schizophrenia studies may benefit from conducting a combined analysis of DTI and 

language lateralization data and may resolve the cause/effect relationship between 

structural and functional alterations. 

The arcuate fasciculus belongs to the core perisylvian circuitry underlying 

language, but other white matter tracts expanding the boundaries of the canonical 

language network such as the inferior longitudinal fasciculus, the uncinate fasciculus 

and the inferior fronto-occipital fasciculus may be relevant to language (Catani and 

Mesulam, 2008). However, our data indicate a lack of significance of these 

additional regions in relation to language lateralization. 

Language lateralization showed positive correlation with FA and negative 

correlation with MD in the left AnG-WM close to the region recently termed as the 

“Geschwind's territory” (Catani et al., 2005). The Geschwind's territory/inferior 

parietal cortex (including the angular gyrus) is suggested to have a main role in 

language comprehension and thought to be related to semantic processing (Catani et 

al., 2005; Hart and Gordon, 1990; Price, 2000). Geschwind hypothesized that this 

area is involved in the development of language because of its importance in 

enhancing cross-modal associations (Geschwind, 1965). Lesions in this territory are 

associated with language related deficits, such as alexia, agraphia (Price, 2000; 

Sakurai et al., 2010), dyslexia (Habib, 2000) or impairments on semantic 

comprehension tasks (Hart and Gordon, 1990; Price, 2000). Functional magnetic 

resonance imaging studies demonstrated greater angular gyrus BOLD-signal in 

response to the processing of words than non-words (Binder et al., 2003; Binder et 

al., 2005; Rissman et al., 2003) and for normal compared to semantically incongruent 

sentences (Humphries et al., 2007). Although, the relevance of angular gyrus is 

obvious, the specific function of this area in language comprehension remains to be 

clarified (Brownsett and Wise, 2010). It is usually considered as a part of a 

distributed language network, but it is also conceivable that this region is repeatedly 

observed in certain studies of language, because it is a part of a distributed working 

memory system required for language comprehension (Brownsett and Wise, 2010). 
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Although our present result alone cannot distinguish between these alternative 

models, it may imply a close relationship between AnG-WM microstructure and 

language laterality. 

Additionally an inverse correlation was found between language lateralization 

and MD in the left SPL-WM. Using whole-brain TBSS analysis the FA showed no 

correlation in this area, which seemed somewhat surprising taking into account that 

MD and FA values – two most commonly used measures of WM integrity – are 

generally inversely correlated. We conducted a skeleton-based ROI analysis to 

further investigate the superior parietal region where MD showed significant 

correlation. With the ROI analysis we could demonstrate a significant positive 

association between language lateralization and FA (Spearman’s rank correlation, 

rho = 0.547, P = 0.028). Although left superior parietal lobe has an essential role in 

writing (Menon and Desmond, 2001), it is not a typical language area; it is rather 

related to sensorimotor integration by maintaining an internal representation of the 

state of both the world and one's own body (Wolpert et al., 1998). It has also been 

reported previously that parietal lobe functional specialization is correlated with 

language lateralization, however it may neither explain this finding altogether 

(Badzakova-Trajkov et al., 2010). Integrating this result into current theories of 

language is not easy, but our observation in the left SPL-WM may suggest an 

important direction for future research of WM microstructural changes underlying 

language lateralization. It is also possible that complex fiber crossings with other 

relevant (language-related) white-matter fibers at this level, such as the SLF, could 

be responsible for this correlation. 

Conclusively, the voxel-based analysis showed a strong relationship between 

left-hemispheric WM microstructure and language lateralization in left-handed 

subjects. Subjects with left-hemispheric language representation demonstrated more 

structured left-sided WM than subjects with atypical language lateralization. One 

possible reason for the relationship between left-hemispheric WM and atypical 

language-lateralization might lie in interhemispheric inhibition, suggesting that left-

hemispheric inhibition of right hemisphere may partly contribute to language 

dominance on the left side (Thiel et al., 2006). Reduced WM integrity of the left-

hemispheric language related tracts may imply less inhibition of right-sided language 

areas. We found no evidence that right-hemispheric WM microstructure is related to 

language lateralization, which could be a reflective of our restricted sample. While 
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not excluding the possibility that right-sided WM integrity may be a marker of 

hemispheric specialization for language, we emphasize the importance of left-

hemispheric WM integrity. 

6.1.2 Methodological considerations 

There was no behavioural measure of the fMRI task performance during image 

acquisition or alternative version of the task administered outside the scanner. 

However, the applied fMRI task was considered relatively easy and equally 

performable for healthy young university students, so disturbing effects of difference 

in performance were not expected. 

We claimed that our findings are free from potential effects of aging, handedness 

and gender on WM microstructure and/or language lateralization, thus only left-

handed healthy young women were enrolled. However, it is possible that our results 

on this homogeneous group are not representative for the whole population. We 

found that about 60% of our subjects (10 out of 16) showed left-hemisphere 

dominance for language, which is somewhat lower compared to other studies 

reporting 70-85% of left-handers with left-hemispheric language lateralization (Josse 

and Tzourio-Mazoyer, 2004; Knecht et al., 2000; Pujol et al., 1999). This difference 

may be related to our small sample size or could be a consequence of the fact that 

only women were included in the present study (whereas previous data based on both 

women and men). Some studies indicate that language is less lateralized in women 

(Kansaku et al., 2000; Phillips et al., 2001; Vikingstad et al., 2000), whereas others 

found no sex difference in language lateralization (Knecht et al., 2000; Sommer et 

al., 2004). 

The ROI used for AI calculation was symmetric across the cerebral hemispheres. 

The aim was to allow unbiased calculation of AI with the applied threshold-

independent method (that requires equal number of voxels on both hemispheres), 

although we recognize the limitations of this approach given that frontal lobe is 

asymmetric in most individuals and that structurally homotopic regions do not 

necessarily correspond functionally. 

A possible limitation of using DTI data is that the standard tensor model of DTI 

cannot adequately characterize complex fiber architectures (when an image voxel 

contains fiber populations with more than one dominant orientation), therefore the 

directionally dependent diffusion measure (FA) as well as the scalar measure of the 
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total diffusion within a voxel (MD) may be influenced (Vos et al., 2012). This issue 

is not limited to our methodology only (Cubon et al., 2011; Giorgio et al., 2010; Li et 

al., 2010; Takao et al., 2011) and is due to the fact that we are unable to 

noninvasively resolve fiber tracts at a microscopic level. Even though some methods 

have been developed to estimate and differentiate multiple fibers in each voxel 

(Behrens et al., 2007; Tuch et al., 2003), the challenge of complex fiber structures 

has not been completely resolved. It is likely that the centers of fibre bundles 

analysed by TBSS are more compactly packed with less complex fiber orientation, 

thus our results do not seem to be much influenced. 

MR markers of diffusion (e.g. FA or MD) have to be interpreted carefully, 

because they are sensitive to several tissue characteristics and there is no one-to-one 

relationship between a given anatomical property and a particular MR measure 

(Johansen-Berg and Behrens, 2009). 

6.2 Are there any gender differences in the hippocampus 
volume after head-size correction? A volumetric and voxel-
based morphometric study 

In many studies the volumetric measures of hippocampus are controlled for ICV, 

in order to allow for comparisons between subjects who differ in head-size. GLM 

and proportion methods are the two most common approaches for making this 

adjustment. Although both are used pervasively in neuroimaging research, there is 

little direct comparison between them. In practice, they are used rather 

interchangeably, not really considering the difference between them. In the present 

study, sexual dimorphism in hippocampus was investigated by using both general 

linear model (GLM) and proportion head-size correction strategies. 

Both MRI volumetry and VBM indicated significant positive effects of ICVsienax 

on absolute hippocampal size bilaterally after the effects of gender were removed 

(Fig. 9 and Fig. 12b), which is consistent with previous data suggesting that 

increasing head-size is associated with larger volumes (Barnes et al., 2010). As 

expected based on the above, absolute hippocampal size was larger in men than 

women. 

Age was not proved to be a significant predictor of hippocampal volume in the 

present study. This is probably due to the relatively narrow age range (19-31 years) 
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of our healthy young subjects, which may have limited the age-related variations in 

hippocampal volume. 

Both MRI volumetry and VBM indicated significantly larger hippocampal 

volume in women than men, when the effect of head-size was “normalized” by the 

proportion method (Fig. 11 and Fig. 12c), while this apparent gender effect was 

absent, when head-size was controlled through GLM (Fig. 10). This is good evidence 

that the two methods are not interchangeable and may yield different results. The 

discrepancy can be resolved by recognizing the difference between proportion and 

GLM approaches and the different questions they address. Our results are consistent 

with earlier studies using the proportion method (Filipek et al., 1994; Szabo et al., 

2003) or GLM approach (Jack et al., 1989; Pell et al., 2008). While these studies may 

provide support of our findings, they are not directly comparable to our investigation, 

due to methodological differences. 

In case of GLM the phrase “correcting for” refers to statistical control. Statistical 

control of head-size serves to remove the portion of the variance in hippocampal 

volume due to head-size. Unlike GLM, the proportion method calculates ratios 

(relative sizes), which was shown to be ineffective for statistical control in most 

cases (Smith, 2005). Calculation of proportions with the intention to control for 

head-size is based on the assumption that hippocampal volume varies with head-size 

proportionally, so their relationship is linear with zero y-intercept for the regression 

line. The zero y-intercept assumption is seldom satisfied for real data. If this 

assumption fails, simple ratio is expected to be associated with its denominator (i.e. 

head-size), thus not resulting in a “head-size-free” measure (Mathalon et al., 1993). 

To address this issue, we checked whether the volumetric measures normalized 

according to the proportion method correlate with the ICVsienax. Using Spearman's 

correlation, we found that both the left and right relative hippocampal volumes as 

well as the mean hippocampal grey matter values obtained by averaging the 

smoothed nl_modulated data in left and right hippocampal regions were inversely 

correlated with ICVsienax (P<0.002), which remained significant (P<0.05) after 

statistically controlling for gender through multiple linear regression. These 

correlations demonstrate the inability of proportion method to perform statistical 

control. 

Based on our present results, we suggest that before using either GLM or 

proportion method, the investigators should clarify whether they are attempting to 
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statistically control for head-size or to examine relative size with respect to head-size 

and choose accordingly. We need to emphasize this differentiation, because it is still 

often overlooked and considered secondary in scientific studies. For instance, in a 

recent VBM study the two concepts are mixed even within a single evaluation 

(Mevel et al., 2011). The GLM approach was used to identify the hippocampal voxel 

of interest in each hemisphere, from which the voxel value normalized according to 

the proportion method was extracted as hippocampal measure. Results based on such 

“mixed approaches” should be interpreted with caution.  

In the literature there is clear distinction between VBM analyses with and 

without a modulation step. The analysis of modulated data allows testing for regional 

differences in the amount (volume) of grey matter, whereas the unmodulated data 

reflect regional grey matter concentration (Good et al., 2001b). However, there is no 

such clear differentiation between nl_modulated and full_modulated datasets. 

Modulation of non-linear warping only (nl_modulation) have gained popularity in 

VBM analyses, suggesting that this type of modulation accounts for head-size and no 

further corrections are needed (Barros-Loscertales et al., 2011; Sexton et al., 2012). 

If the effect of head-size was completely removed by not modulating for volume 

changes due to the affine part of the registration, any significant relationship between 

nl_modulated data and ICVsienax would not be found. However, our data indicate a 

negative correlation between nl_modulated data in the hippocampus and ICVsienax as 

a remaining effect of head-size. The idea that we do not need to estimate ICV and 

correct for it in subsequent statistical analyses is undoubtedly attractive, but if we are 

interested in “head-size-free” hippocampal size, the full_modulated data should be 

used including ICV measure as a confounding variable in the statistical model. 

Results from the subset of subjects closely matched for head-size support the 

findings of the GLM approach. Based on these results and the observation that 

smaller brains exhibit relatively larger hippocampi regardless of gender, we suggest 

that there is no sexual dimorphism in hippocampal size and the apparent gender 

differences found by the proportion method may be not gender specific but rather a 

consequence of the well-known sexual dimorphism in head-size. This impression is 

further strengthened by the increased hippocampal size of women (or men) with 

smaller ICV compared to women (men) with larger ICV when using the proportion 

method. Although, the difference was not significant in all of the examined 

comparisons (probably due to the reduced variability of hippocampal volumes and 
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ICVsienax when sexes are examined separately), these results provide more 

straightforward and convincing evidence that the proportion method is unable to 

control for head-size even within very homogeneous samples. 

To our knowledge this is one of the very first studies exploring differences 

between proportion and GLM methods in practice using both MRI volumetry and 

VBM. Earlier studies comparing head-size “normalization” methods focused mainly 

on theoretical issues such as reliability (Arndt et al., 1991; Mathalon et al., 1993) and 

how the introduction of systematic and random errors may affect the final outcome 

of normalized measures (Sanfilipo et al., 2004) or used pediatric samples (O'Brien et 

al., 2011). None of these studies was concerned about the potential impact of head-

size normalization on voxelwise techniques (e.g. VBM), where head-size 

normalization and modulation step are highly related issues. 

A potential limitation of our study is the unequal number of males and females. 

However, when the 33 men were compared to 33 randomly selected women the 

overall pattern of results remained unchanged, suggesting that our findings are not 

driven by unequal sample sizes. 
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7. Summary 

Methods for in-vivo quantification of structural properties of the brain are 

increasingly important to discover biomarkers of neurological or psychiatric 

diseases, as well as to contribute to a better understanding of the healthy brain. 

Recent advances in magnetic resonance imaging techniques allow automatic user-

independent assessment of structural brain variations across large groups of subjects. 

In this thesis three different techniques of structural brain imaging, DTI, automated 

MRI volumetry and VBM were used to investigate the structural brain variations in 

healthy young volunteers. 

In left-handed women, we found strong support that atypical cerebral 

dominance for language is associated with variations of white-matter 

microstructure  in the left superior longitudinal fasciculus and left-sided parietal 

lobe white matter. The work included in this thesis contributes to the existing 

literature on structural-functional relationships in the language network by 

emphasizing the importance of individual variations in healthy populations. Based on 

our data, it can be hypothesized that reduced white-matter integrity in the left-sided 

language related tracts are closely linked to the development of right hemispheric 

language dominance. The dependence of the right-sided language lateralization on 

the integrity of left-hemispheric pathways but not the right-hemispheric ones might 

be a useful reference for further investigations on how atypical language dominance 

develops. Our results may offer new insights into language lateralization and 

structure-function relationships in human language system. 

Using different methodological approaches to examine gender differences in 

hippocampal volumes of normal subjects, we found that GLM and proportion head-

size adjustment techniques yield dissimilar results, ranging from no gender 

differences in hippocampi to larger hippocampi in females. We suggest that there is 

no sexual dimorphism in hippocampal size and the apparent gender differences 

found by the proportion method may have more to do with head-size than sex. The 

importance of the present findings about the fundamental differences between GLM 

and proportion approaches is mostly related to scientific reproducibility across MRI 

volumetry or VBM studies. Based on our experience, proportions and similar indices 

may introduce significant problems that should be considered not only for brain 

morphology, but also generally when using ratios as MR results (e.g. for iron 
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quantification). Using the agreement/disagreement among proportion and GLM 

methods as an indication of stronger/weaker support of a hypothesis is dangerous, 

given that they are not representing the same phenomenon. Our results may have 

clinical importance, when adjusted hippocampal volumes are considered as 

diagnostic tools of disease severity in neurological and psychiatric illnesses. 
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