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Abbreviations 

3D IR-FSPGR - 3D inversion recovery-prepared fast spoiled gradient-echo 
ALIC - anterior limb of the internal capsule 

ARAS - ascending reticular activating system 
ASSET - array coil spatial sensitivity encoding 

BL - block 
BOLD - blood-oxygen level dependent 

CDR - connectivity-defined region 
CM - connectivity map 

CNS - central nervous system 
CoGconn - center of gravity of the connectivity values 

CST/CBT - corticospinal and corticobulbar tracts 
DARTEL - Diffeomorphic Anatomical Registration Through Exponentiated Lie 
Algebra 
DTI - diffusion tensor imaging 

DTT - diffusion tensor tractography 
EPI - echo planar imaging 

ER - event-related 
FA - fractional anisotropy 

FDR - false discovery rate 
FDT - FMRIB’s diffusion toolbox 

FLAIR - fluid-attenuated inversion recovery 
FLIRT - FMRIB's linear image registration tool 

fMRI - functional magnetic resonance imaging 
FMRIB - Oxford Centre for Functional MRI of the Brain 

FOV - field of view 
FSL - FMRIB’s software library 

FWE - family-wise error 
IFG - inferior frontal gyrus 

ISI - interstimulus interval 
LI - lateralization index 
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MNI152 - Montreal Neurological Institute 152 
MRI - magnetic resonance imaging 

PDM - probability distribution map 
PLIC - posterior limb of the internal capsule 

PPVT - Peabody picture vocabulary test 
rp - Pearson’s coefficient 

rs - Spearman’s rho 
RT - response time 

SD - standard deviation 
SOA - stimulus onset asynchrony 

SYN - synonyms task 
SYN AC - active condition of the synonyms task 

SYN CC - control condition of the synonyms task 
SWI - susceptibility-weighted imaging 

TBI - traumatic brain injury 
TE - echo time 

TI - inversion time 
TR - repetition time 

VIT - vowel identification task 
VITAC - active condition of the vowel identification task 

VITCC - control condition of the vowel identification task 
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Magnetic resonance imaging (MRI) is one of the most frequently used imaging 

modalities of the central nervous system (CNS). Certain types of MRI examinations 

have the advantage to provide detailed information non-invasively not only from the 

morphological, but also the functional characteristics of the brain in vivo. The aim of 

my PhD research was the elaboration of non-invasive MRI-based imaging methods 

that can serve as potential clinical tools in the diagnosis and therapy of several 

diseases of the CNS. My work covered two main fields: the methodological 

improvement of an fMRI language task battery and connectivity-based segmentation 

of the brainstem by probabilistic tractography. Considering the different methodology 

and character of these works they are discussed in separate chapters below. 
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Self-paced paradigm and event-related analysis for increased 

specificity and applicability of pediatric language functional MRI 

 

Introduction 

 

Basics of functional magnetic resonance imaging  

In the past three decades functional magnetic resonance imaging (fMRI) has 

earned great popularity in neuroimaging mainly due to its non-invasive approach, 

widespread availability and relatively good spatial resolution. It has brought the 

possibility to investigate task-induced cognitive state changes or the result of 

unregulated processes in the resting brain.  

Functional MRI uses blood-oxygen level dependent (BOLD) contrast to detect 

activations and deactivations of a brain region (Ogawa et al., 1990a, b, c;  

Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1993). When a brain region 

is activated during a cognitive task, its blood supply is increased within a few seconds 

(hemodynamic response function). Oxyhemoglobin is diamagnetic, while 

deoxyhemoglobin is strongly paramagnetic (Thulborn et al., 1982). BOLD contrast 

can be obtained as the fluctuations in the concentration of deoxygenated hemoglobin 

create local gradients in the magnetic field surrounding the red blood cells in the 

capillary beds of an activated brain region. Generally, these differences are very 

subtle and therefore can be detected by repeated induction of two or more cognitive 

states (active and control conditions). These cognitive states ideally differ only in the 

cognitive function in question and the acquired scans are contrasted to find the 

difference of brain activity between the two (or more) conditions. A very simple 

example of an fMRI task is finger tapping in the active condition alternated by rest in 

the control condition. An important characteristic of an fMRI experiment is the 

design, i.e. how the stimuli of the active and the control condition are arranged during 

a session. Three main types of design can be distinguished: 

In case of block-design stimuli of each condition are arranged in blocks, e.g., 

in the first 30 seconds of the session stimuli of only the active condition are presented, 

while in the next 30 seconds only stimuli of the control condition are displayed and so 
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on. The advantage of this design is its statistical robustness (high detection power, i.e. 

design efficacy) (Friston et al., 1999), while the effects of habituation and 

predictability also have to be taken into account.  

In case of event-related design (Liu, 2012) active and control stimuli follow 

each other in a random order and at variable time intervals (interstimulus interval - 

ISI), which makes this design much less predictable. However, it cannot provide that 

high design efficacy (Mechelli, Price et al., 2003), albeit it has a higher sensitivity to 

study the shape and the time course of the hemodynamic response (high estimation 

power). 

Mixed design carries the characteristics of both the block and the event related 

designs, because stimuli are presented in blocks (active and control) but within the 

blocks the intervals between the stimuli are varied.  

In the past almost 30 years of fMRI history numerous well-established fMRI 

task batteries have been developed that provide possibility to identify regions 

responsible for a certain function, e.g., motor activity, speech or spatial orientation.  

 

Increasing applicability and specificity of a widely used pediatric language task 

battery: modifications of the vowel identification and the synonyms tasks 

Noninvasive language mapping by fMRI is increasingly used to identify the 

language-dominant hemisphere in the context of presurgical evaluation  

(Benson et al., 1999; Lehericy et al., 2000; Fernández et al., 2003; Ruff et al., 2008). 

This is even more important in pediatric patients, as the administration of the invasive 

Wada-test is difficult in this population and the interpretation of its results may not be 

straightforward (Abou-Khalil and Schlaggar, 2002; Baxendale et al., 2003). However, 

using fMRI to examine children brings about numerous practical and methodological 

issues, such as intra-scanner fear (Wilke and Holland, 2008), an increased likelihood 

for subject motion, and issues pertaining to spatial normalization  

(Poldrack, Paré-Blagoev and Grant, 2002; Wilke, Schmithorst and Holland, 2002; 

Yuan et al., 2009). Importantly, the first step is to pay special attention to task design 

(Wilke et al., 2005, 2006; Church, Petersen and Schlaggar, 2010; Ebner et al., 2011), 

including considerations to adapt the level of difficulty to the varying abilities of the 

participating age and patient groups. In particular, both frustration (“this is too hard”) 

and boredom (“this is too easy”) should be avoided in order to keep participants in 

general, and children in particular, motivated while performing a task in the scanner. 
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Minimizing overall time spent in the scanner is also important (Yerys et al., 2009; 

Ebner et al., 2011). 

“Hemispheric dominance” is usually assessed by trying to induce activation in 

brain regions involved in language processing. The Experimental Pediatric 

Neuroimaging Group at the University of Tuebingen has previously elaborated an 

fMRI task battery, which is well applicable in children with average language 

abilities: the child-appropriate versions of the synonyms task (SYN)  

(Fernández et al., 2001; Fernández et al., 2003; Wilke et al., 2006) and the vowel 

identification task (VIT) (Wilke et al., 2006).  

The SYN is a task alternating semantic judgment with letter matching, 

designed to allow presurgical investigation of language processing areas. This task 

resulted in robust left inferior frontal and posterior temporal activations in adults as 

originally reported by Fernández et al. (2001; 2003), and the same activation pattern 

was detected in typically developing children in previous studies applying the child-

appropriate version of this task (Wilke et al., 2006). The contrast of the active 

condition to the letter-matching part not only involves semantic decision based on 

retrieval of previously learned verbal information, but also reading and phonological 

processing (Fernández et al., 2001). Semantic processing has been shown to involve 

areas in the left inferior frontal (IFG) and the posterior temporal gyrus  

(Binder et al., 1996). Activation in the left IFG has been detected during making 

semantic decision about words (Demb et al., 1995; Binder et al., 1996, 1997), which 

is in accordance with recent neurocognitive models of language processing that 

parcellate the IFG into parts involved in semantic, syntactic, and phonological 

processing (e.g., Bookheimer, 2002; Friederici, 2002; Hagoort, 2005). As stimuli are 

applied in a visual and not in an acoustic form, an additional grapheme‑to‑phoneme 

conversion may also contribute to activations in the left IFG (Burton, 2001). 

The active condition of the VIT (VITAC) involves covert picture naming and 

subsequently analyzing the phonological structure of the given word to decide 

whether it contains the sound of the vowel “i” (always pronounced [i:] in German). In 

the control condition (VITCC) a pair of complex, but abstract patterns is displayed, and 

the participant has to decide whether the smaller one fits into the larger one “like a 

piece of a puzzle”. Again, button presses are used to record the participant’s 

responses. Multiple subprocesses of picture naming have been linked to the IFG and 
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to posterior temporal regions (for review see Duffau et al., 2014). Furthermore, the 

IFG seems important in phonological awareness and naming  

(van Ermingen-Marbach et al., 2013), while the posterior part of the superior 

temporal gyrus has been linked with the phonological output lexicon that stores the 

spoken representation of the words, including the phonemes they contain and their 

position (Butterworth, 1992; Levelt, 1992).  

In the original child-appropriate version of the task battery  

(Wilke et al., 2006), both tasks are used with a 5-second fixed stimulus onset 

asynchrony ([SOA] i.e., 5 seconds between the onset of two stimuli), and data 

analyses are performed in a block (BL) design. These tasks were shown to produce 

robust activations in the inferior frontal and posterior temporal language areas in the 

dominant hemisphere in children with average language skills (Wilke et al., 2006; 

Lidzba et al., 2011). However, children with above-average language functions found 

the 5‑second fixed SOA too slow, likely leading to “mind wandering”  

(Binder et al., 1999). In contrast to this, for patients with lower language abilities the 

paradigm was too fast, leading to frustration and loss of compliance. Therefore, this 

task design was not suitable to maintain attention and keep task adherence on a 

desirable level for participants with language abilities outside the average range, 

likely resulting in weaker task-related activations and more motion artifacts. 

During my PhD studies I had the opportunity to spend a fellowship in the 

Experimental Pediatric Neuroimaging Group and participated in the modification of 

this task battery. The aim of the study was to adapt the SYN and the VIT to 

participants with lower- as well as higher-than-average language functions, thereby 

broadening the applicability of this task battery and avoiding the above-mentioned 

confounds.  

While different versions of either task could conceivably be designed, this 

would make direct comparisons with the original version harder. Another solution to 

this is the implementation within a self-paced paradigm; here, the participant 

individually determines the appearance of the next stimulus, as it only appears after 

his/her response.  

There is only a small number of studies directly comparing the results of  

self-paced and fixed task implementations for the same cognitive task; these generally 

suggest that the self-paced implementation is more sensitive to detect task-related 
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neural correlates (D’Esposito et al., 1997; Seurinck et al., 2005;  

Tielemann et al., 2005; Basho et al., 2007; Krinzinger et al., 2011). 

In addition to the self-paced modification, the specificity of the tasks could be 

increased further by using an event-related (ER) analysis of the data, as it may 

provide a better model for the transient changes in the neural activity, decreasing 

residual variance in the data (Price et al., 1999; Mechelli, Henson et al., 2003). In the 

ER data analysis, each reaction can be considered as an event. Thereby, instead of 

identifying the brain regions participating in a conglomerate of cognitive functions 

active during one block, it is possible to identify the brain regions involved in the 

particular cognitive function of interest. A drawback of such designs is the reduced 

design efficiency as compared with a BL design paradigm  

(Mechelli, Price, et al. 2003).  

In the language domain in particular, lateralization of activation (or 

hemispheric specialization) has long-since been of great interest. To this effect, a 

lateralization index (LI) is commonly used, comparing activation on one side of the 

brain with activation on the other side in one index in the range of –1 to +1  

(Wilke and Lidzba, 2007). As a paradigm that yields more specificity in the detection 

of task-related activations must be expected to reveal more focused (and thus likely 

more lateralized) brain activity, assessing the lateralization of activation obtained in 

the BL and ER analyses may be helpful when comparing the two analytical 

approaches in this regard. 

Based on the above-mentioned considerations, we wanted to investigate the 

impact of a self-paced implementation of the SYN and VIT tasks on the resulting 

statistical parametrical maps. Further, the impact of using a BL versus an ER analysis 

approach shall be explored. We hypothesized that (1) results would be comparable in 

the self-paced paradigm with the fixed paradigm used previously (Wilke et al., 2006); 

(2) ER analyses will show lower design efficiency, but higher specificity of 

activation, and (3) lateralization of activation will differ between the two analysis 

approaches, with a higher degree of lateralization in the ER analysis. Additionally, we 

expected that the time needed for the completion of the trials would differ from the 

previously used fixed 5 s, when participants are allowed to perform the task in a  

self-paced manner.  
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Materials and methods 

 

In- and exclusion criteria 

As this study was aimed at methodological improvements, we felt that it was 

not justifiable to include participants from vulnerable populations (World Medical 

Association, 2013); we therefore abstained from including children. Instead, we 

aimed at including right-handed, healthy adults between 18 and 45 years of age. 

Participants were required to be in generally good health, and to be native German 

speakers. In addition to the usual MR-contraindications (e.g., metal implants, 

claustrophobia, pregnancy), participants were excluded if they had any of the 

followings: known disorder of the central nervous system (neurological or 

psychiatric), epilepsy, speech disorder, hearing impairment, or left-handedness.  

 

Study population 

20 healthy adults [age (mean ± SD): 380.1 ± 83.9 months (31.7 ± 7 years), 

range: 260-518 months (21.7-43.2 years), 12 females] were recruited from a database 

of healthy volunteers at the Department of Neuroradiology at the University of 

Tuebingen, as well as by public announcements. All had normal or  

corrected-to-normal vision. Handedness was right-dominant in all participants 

[Edinburgh Handedness Inventory Index (Oldfield, 1971): median: 0.91, range:  

0.63-1]. The study was in accordance with the requirements of the local institutional 

review board, which approved the study. All participants gave written informed 

consent. Anatomical images were screened for structural abnormalities by an 

experienced neuroradiologist. All were found to be free of major anomalies; in one 

participant, an aberrant draining vein was seen, while in another participant, 

2 nonspecific small foci of white matter hyperintensities were found. Both findings 

were considered nonsignificant, and all participants were retained.  

 

Testing of language functions 

Participants were assessed for language abilities by the German version of the 

Peabody Picture Vocabulary Test (PPVT) (Bulheller, Ibrahimovic and Häcker, 2003). 

During this test, participants had to match one of four pictures to a verbal 

characterization provided by the examiner. The advantage of this test is that it 

provides an opportunity for the simultaneous evaluation of vocabulary and language 
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comprehension. The age-corrected test percentiles of the participants ranged between 

55 and 100, the median value was 97.5 percentile (for details see Table 1), reflecting 

above-average language abilities. 

 
Participant ID PPVT score Participant ID PPVT score 

P1 88 P11 55 

P2 83 P12 98 

P3 99 P13 100 

P4 100 P14 100 

P5 76 P15 99 

P6 85 P16 95 

P7 99 P17 97 

P8 98 P18 99 

P9 99 P19 95 

P10 81 P20 97 

Table 1: Age-corrected test percentiles of the Peabody Picture Vocabulary Test (PPVT) of each 
participant. Median value was 97.5 (range, 55-100). 
 

Technical implementation  

In the active condition of the synonyms task (SYN AC), the participant has to 

determine if two visually presented words are synonyms or not. In the control 

condition (SYN CC), two nonsense letter strings are to be compared and the participant 

has to decide whether they are identical or not. In both conditions, responses are 

recorded by button presses. In the active condition of the vowel identification task 

(VIT AC), the participant has to recognize a pictographically presented object and 

match a name to it (covert picture naming) and subsequently analyze the phonological 

structure of this word to decide whether it contains the sound of the vowel “i” (always 

pronounced [i:] in German). In the control condition (VIT CC), a pair of complex, but 

abstract patterns is displayed, and the participant has to decide whether the smaller 

one fits into the larger one “like a piece of a puzzle”. Again, button presses are used to 

record the participant’s responses. All participants completed both tasks (SYN and 

VIT) in the modified version.  

The modification of the tasks from the previously used, pure BL design 

versions (Wilke et al. 2006) was done to now include aspects of a mixed BL/ER 

design. This was achieved by keeping the overall “blocked” task layout; for example, 

in the first 30 seconds, only stimuli of the control condition were displayed, while in 
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the subsequent 30 seconds, only stimuli of the active condition were presented (and so 

on). However, within these blocks, the participant was able to advance stimulus 

presentation by a “yes” or “no” button press in each condition (conveyed via a MR-

compatible two-button box [Current Design, Philadelphia, PA, USA] in the 

participant’s right hand). This self-paced aspect on the one hand accounts for 

individual differences in processing speed and on the other hand allows for later ER 

analyses. To this effect, events were defined as beginning with the appearance of the 

stimulus and ending with a button press. As an aid to avoid confusion of the buttons, a 

little “happy green [yes] smiley” and an “unhappy red [no] smiley” were visible in the 

lower two corners of all displayed stimuli, along with a central fixations cross. 

Between two stimuli the screen went blank (with only the fixations cross and the 

smileys) for 0.5 second. Between two blocks, the screen turned green for 1 second to 

alert participants to the change of task. 

Each task contained 6 blocks of the control and 5 blocks of the active 

condition, yielding a total scan time of 5:30 minutes. The number of trials in each 

condition depended on the response time of the participant (the quicker the responses, 

the more trials could be processed in any given condition). In order to discourage 

“pressing without thinking”, a minimum presentation time of 0.5 second was set.  

Stimulus presentation and response recording were done using Presentation  

(version 0.76 Neurobehavioral Systems Inc., Albany, CA, USA). Visual presentation 

of stimuli was achieved using MR-compatible video goggles (NordicNeuroLabs, 

Bergen, Norway), and MR-compatible headphones (MR-Confon, Magdeburg, 

Germany) were used for delivery of instructions and for noise protection in the 

scanner.  

 

Data acquisition, processing and analysis  

Imaging was performed on a 1.5 T whole-body MR scanner (Siemens Avanto, 

Siemens Medizintechnik, Erlangen, Germany) with a 12-channel head coil. An  

EPI-sequence was used to acquire functional series in each participant (TR = 3000 

ms, TE = 40 ms, 40 axial slices, yielding a voxel size of 3 × 3 × 3 mm), covering the 

whole brain including the cerebellum. A T1-weighted anatomical 3D-dataset (176 

continuous sagittal slices, TR = 1300 ms, TE = 2.92 ms, voxel size: 1 × 1 × 1 mm) 

and a gradient-echo B0-fieldmap (TR = 546 ms, TE1/2 = 5.19/9.95 ms, 40 axial slices, 

voxel size: 3 × 3 × 3 mm) were also acquired. Datasets were processed using SPM8 



	 18	

software (Wellcome Trust Centre for Neuroimaging, London, UK), running in Matlab 

(Mathworks, Natick, MA, USA). The first 10 scans of each functional series 

(corresponding to the first block of the control condition) were rejected to allow for 

the stabilization of longitudinal magnetization, leaving 100 scans per series (5 blocks 

each of the active and the control condition). Functional images were realigned and 

unwarped using the individually acquired B0 fieldmap, correcting for both EPI and 

motion * B0 distortions (Andersson et al., 2001). Following coregistration of the 

functional and the anatomical images, global signal trends were removed  

(Macey et al., 2004) and functional images were smoothed with a 6 mm full width at 

half maximum Gaussian filter. Anatomical images were segmented using a priorless 

extension to the SPM segmentation algorithm as available in the VBM toolbox  

(Gaser et al., 2007). Spatial normalization was achieved using the diffeomorphic 

anatomical registration approach using exponentiated Lie algebra (DARTEL; 

Ashburner, 2007). To this effect, standard tissue maps based on an adult control 

population (n = 550) were used. This procedure yields deformation fields, which may 

then be applied to any image in register with the anatomical.  

First level (individual) statistical analyses were done in native space, using the 

General Linear Model (Friston et al., 1995). For all analyses, the motion fingerprint (3 

traces, including shifted versions) was added as covariates of no interest in order to 

account for signal changes attributable to motion effects (Wilke, 2012). Shifted 

versions were included as these were shown to explain a substantial portion of the 

motion-induced variance in the data (Friston et al., 1996; Wilke, 2012).  

In the BL design analysis, conditions were modeled in alternating blocks of 

30 seconds, assuming that the task evoked a constant plateau of neural activity in the 

regions in question. The ER analysis was designed for closer detection of the transient 

activations by considering each stimulus as an event. Therefore, the onset of each 

event was set to each stimulus onset, and the duration of the event was defined as the 

time required to respond (i.e., from beginning of stimulus presentation to the button 

press). For both types of analyses, a canonical hemodynamic response function was 

used to convolve either the whole block or the individual response function. 

Each statistical analysis resulted in one parameter map, ultimately leading to 

4 parameter maps per participant (two for each of the two tasks). These were then 

spatially normalized using the deformation fields obtained before (see above) and 

entered into second level (group) random-effects analysis. To this effect, one-sample 
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t-tests were applied on a voxel-by-voxel basis to detect typical activation patterns on 

the group level, separately for each task and design. Age (in months), gender, 

handedness, and performance in PPVT were used as covariates of no interest as either 

parameter must be expected to affect the resulting activation pattern  

(Szaflarski et al., 2002; Clements et al., 2006; Szaflarski et al., 2006). Further, the 

parameter maps of the BL and ER design of each task were compared by using a 

paired t-test. For all analyses, significance was assumed at a voxelwise p ≤ 0.05, 

FDR-corrected for multiple comparisons (Genovese, Lazar and Nichols, 2002) and an 

additional cluster-level FWE-correction at p ≤ 0.05 (Friston et al., 1994).  

 

Assessment of lateralization 

In this study we used the weighted mean from a bootstrapping approach 

(Wilke and Schmithorst, 2006) as implemented in the LI-toolbox  

(Wilke and Lidzba, 2007), with default settings (no optional steps, bootstrap sample 

size: 25%, minimum bootstrap sample size: five voxels, maximum bootstrap sample 

size: 10,000 voxels). This approach is robust to outliers and avoids the threshold 

dependency inherent to other approaches. Based on previous studies (Price, 2000; 

Riecker et al., 2000; Szaflarski et al., 2002; De Smet et al., 2013), we decided to 

specifically investigate the frontal lobe and the cerebellum, using slightly modified 

versions of the masks coming with the LI-toolbox in order to account for the lesser 

smoothing employed here. These masks are designed to safely cover the respective 

structures while excluding adjacent brain or non-brain tissue. As before  

(Wilke et al., 2005, 2006; Ruff et al., 2008), values of -0.2 < LI < 0.2 were considered 

bilateral; values ≤ -0.2 were considered right-dominant, while values ≥ 0.2 were 

considered left-dominant. Owing to non-normally distributed values, differences 

between lateralization indices (BL vs. ER design) were assessed using the two sample 

non-parametrical Mann–Whitney-U test, and significance was assumed at p ≤ 0.05. 

The equality of the LI variances (BL vs. ER) was examined by Levene’s test, and 

significance level was set to p ≤ 0.05.  

 

Design efficiency 

Conceptually, design efficiency reflects the reliability of a model to actually 

estimate the parameters, and thus is a measure of model sensitivity. It is inversely 

related to the estimator variance and was used before to compare different design 
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implementations (Mechelli, Price et al., 2003). A well-known drawback of an ER 

design is its lower design efficiency. In order to assess the magnitude of this effect, 

design efficiency was calculated here for every participant and both designs, using the 

approach described by Mechelli, Price et al. in 2003. To further evaluate the 

reliability of the ER design, the mean number of activated voxels at a more liberal, 

individual threshold of p ≤ 0.001, uncorrected, was computed and compared in left 

frontal and right cerebellar regions in both designs and in both tasks, using the 

custom-defined masks of the LI analysis. The difference was again evaluated by using 

the Mann-Whitney-U test, assuming significance at p ≤ 0.05. 

 

Results 

 

Group activation maps (one sample t-test) 

The second-level random-effects analysis of the BL and the ER designs 

showed significant left inferior frontal and left posterior temporal activation clusters, 

as well as mainly right cerebellar activations in the active condition of both tasks, in 

both designs (Figure 1; Figure 2, left panel).  

 
Figure 1: Group activation maps of the block (BL, upper row) and event-related (ER, lower row) 
analyses of the active condition of the synonyms (SYNAC, left panel) and vowel identification (VITAC, 
right panel) tasks, obtained by one-sample t-test and rendered on a gray matter template. All 
activations are significant at p ≤ 0.05, FDR- corrected for multiple comparisons on voxel-level, and at 
p ≤ 0.05, FWE-corrected on cluster level. Note robust left fronto-temporal activation clusters elicited 
by both tasks in both designs. 
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Figure 2:	Group activation maps of the block (BL, upper row) and event-related (ER, middle row) 
analyses of the active condition of the synonyms (SYNAC, left panel) and vowel identification (VITAC, 
right panel) tasks and their difference (lower row) Left panel: Frontal (left column) and cerebellar 
(right column) activations in the block (BL, upper row) and event-related designs (ER, middle row) of 
the synonyms task (SYNAC) and their difference (ER > BL, bottom row) as detected by the paired t-test, 
overlaid on sections of a gray matter template. All activations are significant at p ≤ 0.05, FDR-
corrected for multiple comparisons on voxel-level, and at p ≤ 0.05, FWE-corrected on cluster level. 
Note more prominent activation in left inferior frontal and right posterior cerebellar regions (bottom 
row). Orientation is neurological (i.e., left = left). Right panel: Activation in the lingual gyrus in the 
active condition of the vowel identification task (VITAC) in the block (BL, upper row) and event-related 
designs (ER, middle row) and their difference (ER > BL, bottom row) as detected by the paired t-test, 
overlaid on sections of a gray matter template. Note that the ER design detected significantly (at p ≤ 
0.05, FDR-corrected for multiple comparisons on voxel-level, and at p ≤ 0.05, FWE-corrected on 
cluster level) stronger activation bilaterally in the lingual gyrus. Orientation is neurological 
(i.e., left = left). 
 

Comparison of block and event-related design (paired t-tests) 

When comparing the block and the event-related design (BL > ER) of the 

SYN task, there were no significant differences in activation in key language areas 

(data not shown). In the inverse comparison (ER > BL), the ER analysis resulted in 
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significantly stronger activations in left inferior frontal region and in the posterior 

lobe of the right cerebellum (Figure 2, left panel). 

There were no significant differences in language-related brain regions in the 

BL > ER comparison of the VIT (data not shown). In the inverse comparison  

(ER > BL), a stronger activation was found in the lingual gyrus bilaterally  

(Figure 2, right panel). 

 

Lateralization 

Similar lateralization patterns were found in the BL and ER designs in both 

tasks (Figure 3). In the SYN task, frontal activation was left-dominant (LI BL: median: 

0.58, range: -0.25 to 0.84; LI ER: median: 0.54, range: –0.25 to 0.82), while cerebellar 

activations showed right dominance (LI BL: median: –0.41, range: –0.81 to 0.84;  

LI ER: median: –0.44, range: -0.81 to 0.8). In the VIT, similar left frontal and right 

cerebellar dominance was detected (frontal: LI BL: median: 0.56, range: –0.05 to 0.85; 

LI ER: median: 0.52, range: 0.00 to 0.85; cerebellar: LI BL: median: –0.41,  

range: –0.82 to 0.5; LI ER: median: –0.4, range: –0.79 to 0.29). There was no 

significant difference in lateralization between task designs, in either region  

(all Mann-Whitney-U with p > 0.05). The observable variance of results was also 

comparable (all Levene’s p > 0.05). 

 
Figure 3:	Box whisker plots of the lateralization indices in the frontal lobe (upper plots) and the 
cerebellum (lower plots) in both tasks (SYNAC, left, and VITAC, right) and both designs [block (BL) 
and event-related (ER)]. Note consistent left lateralization in frontal regions with crossed cerebellar 
lateralization. Neither difference between the two designs reached significance. 
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Participant performance  

In both tasks, the average time required for stimulus processing ranged from 

1.25 to 1.79 seconds, more than 2.5-times shorter than the fixed 5-second SOA in the 

original versions. With regard to the overall number of trials processed (reflecting 

task difficulty), both tasks were very similar. Stimuli in the control condition were 

processed slightly slower, again very similarly in both tasks (Table 2). Reaction times 

were significantly faster in the active condition (Wilcoxon rank sum test, p < 0.01), 

but the number of trials was not significantly different for either task  

(Mann-Whitney-U test, p > 0.05 for both tasks). 

 
 Synonyms task  Vowel identification task 

Condition Mean RT 

[s] 

Mean # 

of trials 

Incorrect 

responses 

 Mean RT 

[s] 

Mean # 

of trials 

Incorrect 

responses a 

Active 1.25 ± 0.48 81.7 ± 12.96 2.2 ± 1.77  1.29 ±0.60 80.2 ± 14.85 4.15 ± 3.36 

Control 1.79 ± 0.74 74.95 ±13.97 3.2 ± 3.4  1.68 ±1.04 78.05 ± 21.17 4.45 ± 3.83 

Table 2: Response times (RT) for all participants (n = 20) for both tasks and both conditions. a Note 
that an “incorrect” answer in the VIT may in rare cases reflect a less common, but equally valid 
solution found by the participant: when the image of a “ship” is shown, the participant can call this 
“boat”, so the answer “no” would be correct.   
 

Design efficiency, mean number of activated voxels 

As expected, design efficiency was lower for the ER implementation, with a 

mean of 66.19 ± 5.02% for the SYN task and a mean of 65.78 ± 9.44% for the VIT 

task (when related to the respective BL design implementation). The difference in the 

raw values was significant for both tasks (Mann-Whitney-U test, p < 0.01). However, 

the mean number of voxels activated was not different in the left frontal lobe or the 

right cerebellum, for the SYN (722.2 ± 711.45 [BL] vs. 694.6 ± 709.2 [ER] and  

115.3 ± 170.53 [BL] vs. 112.85 ± 171.98 [ER]) or the VIT (702.85 ± 664.43 [BL] vs. 

598.4 ± 571.75 [ER] and 91 ± 152.92 [BL] vs. 85.3 ± 125.11 [ER]). Neither of these 

differences in the numbers of activated voxels reached significance 

(Mann-Whitney-U, all p > 0.05). 

 

Discussion 

 

For the purpose of presurgical determination of language dominance, the 

Experimental Pediatric Neuroimaging Group at the University of Tuebingen has 
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previously established the child-appropriate versions of the synonyms (SYN) and the 

vowel identification tasks (VIT). These tasks have been successfully used to examine 

children with average and slightly below-average language abilities  

(Wilke et al., 2006; Everts et al., 2009; Wilke et al., 2010; Ebner et al. 2011;  

Wilke et al., 2011; Zsoter, Staudt and Wilke, 2012). However, the application of these 

tasks often proved to be problematic in children with language functions outside the 

average of the scale. Therefore, the main motivation for this work was to modify these 

tasks in a way to make them more appropriate for participants with a wider range of 

language abilities.  

 

Effects of adding a self-paced component 

The self-paced modification of both tasks resulted in a highly specific and 

selective pattern of activation in key language areas, such as left inferior frontal and 

left posterior temporal regions, as well as right posterior cerebellar activations  

(Figure 1; Figure 2, left panel). This activation pattern confirms previous results 

(when using a fixed SOA) very nicely (Wilke et al., 2006; Ebner et al., 2011;  

Lidzba et al., 2011), demonstrating that the overall pattern does not change as a 

function of said modification. 

There is a considerable (almost 2.5-fold) difference between the fixed  

5-second SOA used previously and the average reaction time of our participants in the 

here-described self-paced modification. This indicates that in the unmodified, fixed 

SOA version of the tasks, our participants would have required less than half of the 

provided 5 seconds to complete a given trial of the task, while they would have spent 

the remaining time passively waiting for the next stimulus. This underlines the 

advantage of using a self-paced paradigm, as subjects can perform at their own pace. 

This passive waiting harbors the danger of “mind-wandering”, leading to decreased 

task-related activations or even more task-related deactivations (Binder et al., 1999; 

Daselaar, Prince and Cabeza, 2004). Furthermore, the self-paced approach is quite 

intuitive, since it gives the impression of a slide projector (i.e., the next slide appears 

when a button is pressed) as opposed to the original approach with fixed SOA, which 

some children found confusing, since “nothing happened” when they pressed the 

button. For children in particular, continued (visual) task engagement has been shown 

to decrease the occurrence of motion artifacts (Poldrack et al., 2002;  
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Yuan et al., 2009). All of this argues in favor of using a self-paced approach for 

participants with above-average language abilities. 

On the other hand, frustration will be induced if trials are too fast for 

participants with below-average language abilities, likely reducing subsequent task 

adherence and compliance. In those participants, even though fewer stimuli may be 

processed as in a design with a fixed SOA, the time spent “on the task” constructively 

must be expected to be higher. Further, the self-paced implementation provides an 

effective way to monitor task performance and adherence, which is often a cause of 

concern in fMRI studies requiring covert responses (Gaillard et al., 2003;  

Szaflarski et al., 2006).  

The above-described advantages argue in favor of the assumption that the  

self-paced modification of the SYN and VIT tasks may render them suitable for the 

investigation of a broader participant population (for a further discussion of this 

aspect, see the Implications for pediatric fMRI studies section).  

 

Comparison of specificity between block (BL) and event-related (ER) design 

The comparison of the BL and ER design analyses was performed based on 

the hypothesis that the conventional BL design approach will reflect the sustained 

activity while performing the task. In contrast to this, an ER processing approach may 

allow focusing on the transient neural activity elicited by the stimuli (Petersen and 

Dubis, 2012); this model may thus be a better representation of task-related signal 

changes and yield a more specific activation pattern.  

In the case of the SYN task, the ER analysis revealed significantly stronger 

activations in left inferior frontal and right posterior cerebellar areas than in the BL 

design (Figure 2, left panel). These activations were robust enough to survive the 

double correction for multiple comparisons applied here. It is also important to note 

that the difference between the BL and the ER designs was only detected in these 

language-related regions and that no significant differences were observed in the 

inverse contrast (BL > ER), further underlining the added specificity the modified 

analysis approach seems to provide.  

In case of the VIT, the ER analysis yielded significantly stronger activation 

bilaterally in the lingual gyrus (Figure 2, right panel), which has a role in semantic 

processing, object recognition and associative encoding (Hinojosa et al., 2000; 

Karnath et al., 2009). In post-hoc exploratory analyses of the ER > BL contrast at a 
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more lenient p = 0.001, uncorrected, stronger activation was also found in left 

inferior-frontal and right cerebellar regions (data not shown), similar to the pattern 

seen in the SYN and thus weakly suggesting a higher specificity of the ER 

implementation also for this task.  

The fact that the ER analysis found more prominent task-related activations in 

core language areas is surprising as such approaches have inherently lower design 

efficiency (Mechelli, Henson et al., 2003). This was also found in our analyses, with 

the efficiency of the ER analyses being about 1/3 lower. However, this was not 

accompanied by a significant reduction in the number of activated voxels on the 

individual level, suggesting that this reduced design efficiency was not detrimental to 

sensitivity in our participants. In fact, in both the BL and ER implementations, all 

subjects showed suprathreshold activation in the left frontal lobe in each task 

irrespective of the analytical approach, illustrating that both tasks robustly elicit 

activation in core language regions. This stability of activation on the individual level, 

while not the focus of this study, is an important prerequisite for fMRI tasks aimed at 

clinical applications (Church et al., 2010; Khorrami et al., 2011; Zsoter et al., 2012). 

 

Lateralization 

The left frontal and right cerebellar lateralization pattern was constant across 

both tasks and analysis methods. This consistent lateralization pattern corresponds 

well to the results reported in previous studies with the fixed SOA versions of the 

tasks (Wilke et al., 2006; Lidzba et al., 2011), therefore again supporting the notion of 

a similar reliability of the self-paced implementation to assess lateralization of the 

language processing network. Although we hypothesized that the ER design may 

yield a higher degree of lateralization due to its higher specificity, only a tendency to 

provide a higher consistency (lower variability) of lateralization seemed to be present, 

but this difference was not statistically significant. 

There is increasing evidence in the literature about the role of the cerebellum 

in higher cognitive functions, such as language (Leiner, Leiner and Dow, 1989; 

Grodd, Hülsmann and Ackermann, 2005; De Smet et al., 2013). In particular, a 

consistently contralateral pattern of cerebellar activation during covert speech has also 

been shown previously (Riecker et al., 2000; Jansen et al., 2005). As our tasks include 

either reading of words and semantic (in the SYN) or phonological analyses (in the 

VIT), they may have induced internal, covert articulation. Our findings therefore are 
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in accordance with these works, as the detected cerebellar activation was mainly 

localized to the posterior lobe of the right cerebellum, and a clear tendency can be 

observed in our results that cerebellar and frontal activations appear in a contralateral 

fashion (Figure 3). Importantly, this crossed pattern was previously also observed in 

participants showing reorganized language following early left-hemispheric brain 

lesions (Lidzba et al., 2008). While not formally investigated here due to a lack of 

participants with such an atypical activation pattern, this suggests that a combined 

assessment of both frontal and cerebellar regions may increase the reliability of the 

verdict of “hemispheric dominance” on the individual level. 

 

Implications for pediatric fMRI studies 

Successfully performing language fMRI in children is challenging on several 

levels; among them, the design of appropriate tasks is of utmost importance  

(Wilke et al., 2005, 2006; Church et al., 2010; Ebner et al., 2011). Particularly in the 

clinical setting, the intersubject variability in a patient population may be increased 

substantially due to age or disease-related factors determining the level of cooperation 

(Poldrack et al., 2002; Kotsoni, Byrd and Casey, 2006; Yerys et al., 2009;  

Yuan et al., 2009). Developing tasks that can be used effectively in this setting is an 

important challenge, and based on our here-reported results, the self-paced 

implementation in combination with an ER design may offer an interesting 

alternative.  

 

Possible limitations  

A potential limitation of self-paced group studies is that some participants 

spend more time on one condition than others, harboring the danger of confounding 

group results when including an inhomogeneous group of participants  

(Krinzinger et al., 2011) or two conditions with differing levels of difficulty. 

However, the number of presented stimuli did not show high intersubject fluctuations 

in our cohort, with all participants showing a high performance (Table 2); we 

therefore do not think that behavioral variability is a relevant confound in this work. 

Furthermore, our mixed BL/ER implementation ensures that the overall time spent on 

each condition is inherently constant in all participants, which is an improvement over 

a pure self-paced, ER implementation and thus an “added bonus” of this approach. 
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During task design, attention should be paid that the required number of 

button presses should be kept nearly equivalent between the active and control 

conditions to prevent cerebellar motor activations from confounding the results  

(Pillai et al., 2004). Regarding our study, since no difference was detected between 

the activations in the primary motor area on either contrast between the two designs 

(BL > ER or ER > BL), it is not likely that the right cerebellar activation seen more 

prominently in the ER design were due to motor activity. Also, the number of 

responses was similar between the active and the control conditions (Table 2), again 

arguing in favor of rather “balanced” designs (in terms of the level of difficulty over 

conditions). 

For fMRI studies, the “ideal” sample size to achieve reliable and reproducible 

results continues to be an important consideration. It has been shown that a group size 

of n ~20 is appropriate to achieve acceptable reliability of the findings  

(Thirion et al., 2007). Furthermore, the activations reported in this study were robust 

enough to survive the rigorous correction and were obtained without masking and 

small volume correction, further arguing in favor of the robustness of these effects 

(Friston, 2013). 

The comparison of the self-paced modification of the tasks with the original 

versions with fixed SOA in the aspect of applicability was only indirectly possible in 

our study, as we only applied the former here, and the focus of this work was the 

comparison of the BL vs. ER analytical approaches of the self-paced modification 

implemented in a mixed BL/ER acquisition. While direct comparisons may have 

provided more insight into the differences in the applicability of the two designs, this 

would bring about issues of training and recognition effects. 

When assessing task performance and participant’s abilities (cf. Table 1 & 2), 

it is apparent that the variance in both parameters was small, and participants with low 

language abilities, or low task performance, were severely underrepresented in this 

sample; in other words, there was a strong ceiling effect. We therefore abstained from 

investigating a possible interrelation of either factor with fMRI activation levels, as 

this would not yield meaningful (in terms of representative and generalizable) results. 

It has to be noted that the tasks applied in this study in adult participants were 

child-appropriate ones (as the VIT was originally designed for children, and the 

original SYN task published by Fernández et al. in 2001 has been previously modified 

to be suitable for pediatric studies by omitting words deemed too difficult for children 



	 29	

[Wilke et al., 2006]). This inherently increases the risk of  

performance-related bias in the results. Expectedly, children with above-average and 

even more with below–average language abilities would find these tasks more 

difficult than our adult participants, and therefore would likely show lower 

performance. Future studies are needed on both groups of minors to set magnitude for 

the extent of this effect. 

 

Investigation of the brainstem with diffusion tensor tractography 

 
Introduction 

 
Basics of diffusion tensor imaging (DTI) 

Diffusion tensor tractography (DTT) is a method based on DTI. DTI is 

sensitive to the diffusion of water molecules. The rate of diffusion in free water is the 

same in all directions (i.e., isotropic), while in white matter it is higher along fibers, 

than perpendicular to them (anisotropic diffusion). Therefore, in white matter, the 

principle direction of diffusion corresponds with the main fiber orientation within a 

given voxel (Stejskal and Tanner, 1965; Basser et al., 1994a, b; LeBihan et al., 2001). 

The diffusion process can be modeled by an ellipsoid (or tensor) mathematically 

represented by a 3 × 3 symmetric matrix (Basser et al., 1994a, b). Using this 

information, DTT is capable of depicting white matter microstructure in vivo 

 (Mori et al., 1999; 2002), which is not possible by conventional imaging 
 (Witwer et al., 2002).  

DTT algorithms can be divided into deterministic and probabilistic methods. 

Deterministic tractography takes a single fiber orientation per voxel into account and 

propagates streamlines in a stepwise fashion until meeting any of the stopping criteria 

(curvature limit, non-brain tissue, low anisotropy values) (Conturo et al., 1999;  

Mori et al., 1999; Basser et al., 2000; Mori et al., 2002; Lazar et al., 2003). 

Probabilistic tractography determines a probabilistic distribution of fiber orientations 

within a voxel, therefore provides possibility to investigate probabilistic connectivity 

of different brain areas (Behrens et al., 2003b). In contrast to deterministic algorithms, 

probabilistic tractography is not limited by low fractional anisotropy values  
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(e.g., in gray matter) (Behrens et al., 2003a; Jones, 2008), therefore it can identify 

subcortical nuclei based on their cortical connections (Behrens et al., 2003b). 

DTI is increasingly used in cases when the spatial relationship of an eloquent 

brain area and a pathology has to be determined (e.g., Pagani et al., 2005;  

Philips et al., 2005; Helton et al., 2006; Chen et al., 2007a, b; Lui et al., 2007;  

Helton et al., 2008; Giussani et al., 2010; Kovanlikaya et al., 2011;  

Prabhu et al., 2011; Kis et al., 2014; Ulrich et al., 2014). For example, in brain tumor 

cases, it can be of significant help in the decision of operability, or even in 

preoperative planning. Probabilistic tractography is also suitable for the quantitative 

investigation of anatomical connectivity (Lazar, 2010) between brain regions either in 

healthy individuals or in various disease states (injuries, psychiatric illnesses, cerebral 

malformations, etc.). This information can also be used to monitor disease or to 

support therapeutic decisions. 

 
Connectivity-based brainstem segmentation 

The brainstem is a compact anatomical structure, densely packed with 

important cranial nerve nuclei and vegetative centers surrounded by ascending, 

descending and crossing fiber tracts. Its main functional regions integrate important 

components of systems regulating cognitive-, motor-, and sensory functions, and 

consciousness. Due to its complexity, small size and fairly homogeneous appearance 

on conventional MRI, in vivo examination of brainstem structures is still a 

challenging field of modern neuroimaging. 

Most studies using diffusion MRI to investigate the normal anatomy or 

pathologies of the brainstem have either used color-coded vector maps  

(Stieltjes et al., 2001; Golay et al., 2002; Nagae-Poetscher et al., 2004;  

Salamon et al., 2005; Habas and Cabanis, 2007; Kamali et al., 2009, 2010;  

Soria et al., 2011; Aggarwal et al., 2013) or diffusion tractography  

(Stieltjes et al., 2001; Nagae-Poetscher et al., 2004; Wakana et al., 2004;  

Newton et al., 2006; Ramnani et al., 2006; Habas and Cabanis, 2007;  

Upadhyay et al., 2008; Kamali et al., 2009; Hodaie et al., 2010; Hong et al., 2010; 

Kamali et al., 2010; Edlow et al., 2012; Aggarwal et al., 2013; Ford et al., 2013; 

McNab et al., 2013; Yeo et al., 2013; Meola et al., 2016). Most tractography studies 

at least partially relied on anatomical landmarks within the brainstem. However, when 

pathological lesions or space occupying tumors are present, color-coded vector maps 
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can be hard to interpret and identification of anatomical landmarks is difficult and 

unreliable.   

Behrens et al. (Behrens et al., 2003b) were the first to use probabilistic 

tractography and Bayesian techniques to perform connectivity-based segmentation of 

the thalamus. This method classifies each thalamic voxel according to the ipsilateral 

cortical region with which it shows the highest connection probability; and the 

specific connectivity pattern of each thalamic nucleus allows determination of its 

location. Based on this principle, connectivity-based segmentation offers parcellation 

of a cortical or subcortical area without a priori information on the distribution of the 

connecting areas and without reliance on anatomical landmarks within the cerebral 

structure or region of interest.  

In my PhD work my aim was to elaborate an application of connectivity-based 

segmentation for the identification of the most important functional subregions of the 

brainstem. Such a method would have the benefit of eliminating the need for 

anatomical landmarks within the brainstem to detect these functional subregions. 

Thereby it could be applied in diseases when a pathology (tumor, injury, 

demyelination, etc.) causes distortion of the normal anatomy.  

The main functional systems in the brainstem that this work was focused on 

regulate cognitive-, motor-, and sensory functions and consciousness:   

1, frontopontine pathways, which represent connections to the prefrontal cortex 

playing a decisive role in cognitive processes (Leiner et al., 1991;  

Ramnani et al., 2006; Krienen and Buckner, 2009), 2, corticospinal and corticobulbar 

tracts (CST/CBT), being the efferent pathway of the primary motor cortex, 3, sensory 

connections involving the spinothalamic tracts and the medial lemniscus and 4, 

reticular formation being an important component of the ascending reticular activating 

system (ARAS), which controls arousal.  

The results of the connectivity-based brainstem segmentation performed on a 

group of healthy adults were examined for correspondence with the known anatomy 

(histological sections and with a microscopic atlas [Nieuwenhuys et al., The human 

central nervous system, 3rd edition, Berlin, Springer Verlag, 1988, Figures 99 and 103, 

reproduced with permission]), and reproducibility on the group level. Furthermore, 

my aim was to identify potential biomarkers (characteristic  

subregion-specific changes detected in the connectivity and fractional anisotropy [FA] 

values along the rostrocaudal axis of the brainstem) that may be of significant help in 
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the diagnosis and prognosis estimation of brainstem pathologies (e.g., pediatric 

cerebral malformations, brainstem injury due to head trauma, tumors, demyelinating 

disorders, etc.). 

The results of this study can be divided into two distinct parts: the localization 

of the above mentioned functional brainstem subregions and their quantitative 

assessment to find potential biomarkers. Another PhD thesis is based on the first part, 

namely the localization and identification of the functional subregions by 

connectivity-based segmentation, therefore the method itself and the first part of the 

results will not be discussed in details in this PhD thesis. On the other hand, the 

identification of these subregions is the prerequisite of the quantitative assessment, 

therefore brief description of the method is provided in this thesis as well. 

 
Materials and methods 

 
Study population 

20 healthy participants were enrolled in the study (age [mean ± SD]: 31.7 ± 7 

years, range: 21.7-43.2 years, 12 females). None of them had any previous history of 

neurological or psychiatric disease. On the structural MRI images, no abnormalities 

were detected, as verified by a neuroradiologist. The study was approved by the 

Institutional Review Board. Written informed consent was obtained from all subjects. 

 
Data acquisition  

Scanning was conducted on 1.5 T GE Signa Excite scanner with an eight-

channel head coil and maximum gradient strength of 33 mTm-1. High resolution  

T1-weighted scans (3D IR-FSPGR: TR/TE/TI: 10.3/4.2/450 ms, flip angle: 15°, 

ASSET, FOV: 25*25 cm, matrix: 256*256, slice thickness: 1 mm) and diffusion-

weighted images (DTI: TR/TE: 11500/97.4 ms, flip angle: 90°, FOV: 23*23 cm, 

matrix: 96*96, slice thickness: 2.4 mm, voxel size: 2.4 mm isometric, the ASSET 

option was used to decrease image distortions of the posterior fossa and acquisition 

time, number of excitations: 2, b = 1000 s/mm2) in 60 independent directions and six 

non-gradient sets (b = 0 s/mm2) were acquired. Scans covered the whole brain. Total 

scan time took 35-40 minutes per subject. All images were acquired parallel to the 

anterior-posterior commissure line.  
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Data preprocessing 

MRI data were preprocessed using tools of the FMRIB Software Library 

(FSL, v5.0 [Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012]; FDT, 

v3.0, [Behrens et al., 2003a, b]; Oxford Centre for Functional MRI of the Brain 

[FMRIB], UK; www.fmrib.ox.ac.uk/fsl) as it was previously described by 

Behrens et al. (Behrens et al., 2003b). MRICron was used to convert DICOM images 

to NIFTI format (Rorden et al., 2007). Eddy current and head motion correction were 

done, followed by skull stripping (Smith, 2002), reconstruction of diffusion tensors, 

and estimation of diffusion parameters. Transformation matrices between the 

structural, diffusion and standard (Montreal Neurological Institute, MNI152 2 mm 

brain) spaces were obtained by FMRIB’s linear registration tool FLIRT  

(Jenkinson and Smith, 2001; Jenkinson et al., 2002). Individual FA maps were 

registered to the MNI standard brain by using the above described transformation 

matrices. Next, individual FA maps were mathematically summed and averaged to 

create a group FA map (Pagani et al., 2005).  

 
Selection and definition of masks 

In order to identify the four brainstem subregions (frontopontine, motor and 

sensory pathway, reticular formation) within the pontomesencephalic portion one seed 

and six target masks were used. The pontomesencephalic portion of the brainstem was 

defined as the seed mask in this study. Target masks were the following: a coronal 

single-slice section of the left (1) and right (2) anterior limb of the internal capsule 

(ALIC) to detect frontopontine connections (Kamali et al., 2010), an axial single-slice 

section of the left (3) and right (4) posterior limb of the internal capsule (PLIC) to 

trace the CST/CBT (Stieltjes et al., 2001; Wakana et al., 2004; Ulrich et al., 2014), 

the bilateral sensory (Ulrich et al., 2014) (5) and medial (6) thalamus to find the main 

ascending sensory pathways (medial lemniscus, spinothalamic pathways) and the 

reticular formation, respectively. Drawing of the masks took 1 hour per subject. 

 
Probability distribution maps of the subregions and brainstem connectivity maps 

derived by hard segmentation at the individual and group level 

Probabilistic tractography was performed with default settings of the FMRIB 

Diffusion Toolbox (Behrens et al., 2003a, b) to generate probability distribution maps 

(PDM) of the six subregions (left and right frontopontine, left and right motor 
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subregions, sensory pathways and reticular formation) at the individual and group 

level. Then connectivity maps (CM) were created from the PDMs by hard 

segmentation (Behrens et al., 2003b) for all participants individually and a group CM 

as well. The CM consisted of six connectivity defined regions (CDR), corresponding 

to the location of the PDMs. To eliminate low-probability connections, eight different 

threshold levels (1%, 5%, 10%, 15%, 20%, 25%, 35% and 50%) were tested from 

which the 25% seemed to be the most anatomically plausible (data not shown). 

Therefore, for later analyses this threshold level was arbitrarily chosen.  

Intersubject variability maps (Ciccarelli et al., 2003; Johansen-Berg et al., 

2005; Newton et al., 2006) showing the case-to-case anatomical variability of each 

PDM were created the following way: individual PDMs were registered to standard 

space, then thresholded at 25%, binarized and summed. This way, voxel values within 

the intersubject variability maps represented the number of subjects with connection 

in that given voxel. In order to remove those voxels that only showed connectivity in 

a small number of subjects, we applied a threshold of 6/20 subjects to these maps. 

Total analysis time from data acquisition to the completion of the 

connectivity-based brainstem segmentation took 24-48 hours per subject on an Apple 

Mac Pro, 2x2.4 GHz 6 Core Intel Xeon processor, 12 GB 1333 MHz DDR3 RAM 

(Apple Inc., California, USA). 

 
Quantitative assessment of the reproducibility of the connectivity-based brainstem 

segmentation 

First, we wanted to quantitatively evaluate the consistency of the results of the 

connectivity-based brainstem segmentation across our subjects. As the PDMs are 

elongated, mainly rostrocaudally oriented structures, the center of gravity of the 

connectivity values (CoGconn) in each axial slice of the PDMs were chosen for the 

comparison of the individual results. To exclude collateral connections from the 

PDMs and retain only those voxels that are incorporated in the segmented CDRs as 

well, we applied masking of the PDMs before performing the calculation of the 

CoGconn coordinates. For this purpose, a group probability mask was created for each 

subregion. To this end, individual PDMs were registered to standard space, 

thresholded at 25% and hard segmentation was performed. From the derived 

individual CMs in standard space the six different CDRs were separated.  

The 20 individual separated CDRs of the same subregion were binarized and summed 
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to create a group probability mask of the given CDR. The midsagittal plane (x = 0, all 

coordinates are displayed in MNI152 2 mm space) was used for splitting the sensory 

and the reticular group probability masks to left and right sensory and reticular group 

masks, respectively. Both the left and right motor group probability masks were 

thresholded at 14/20 subjects (a high threshold level was needed to exclude remaining 

dorsal collaterals and to keep the CST/CBT regions only), and the left and right 

frontopontine, sensory and reticular group probability masks were thresholded at 6/20 

subjects (that is, those voxels that were incorporated in the given CDR of less than 6 

subjects were excluded) (Figure 4).  

 
Figure 4: Group probability masks overlaid on axial slices of the MNI152 2 mm brain from z = −8 to 
z = −44. Color-coding: red – left, blue – right. The first row shows the frontopontine group probability 
masks (extracted from the probability distribution map seeded from the anterior limb of the internal 
capsule [ALIC]). The second row shows the motor group probability masks (extracted from the 
probability distribution map seeded from the posterior limb of the internal capsule [PLIC]). The third 
row shows the reticular group probability masks (extracted from the probability distribution map 
seeded from the medial thalamus). The fourth row shows the sensory group probability masks 
(extracted from the probability distribution map seeded from the sensory thalamus). Please note that 
the collateral connections of the specific regions are not present here when compared to the 
intersubject variability maps (see later as Figure 5). Orientation is radiological (i.e., left = right). 

 

We used the group PDM as a reference for the measurement of the distances 

of the individual CoGconn locations. As the reticular formation is a C-shaped region 

located symmetrically with respect to the midline of the brainstem, it is not possible to 

identify a single CoGconn value in it. For this reason, the group and individual reticular 

PDMs were split in the midsagittal plane (x = 0), and the CoGconn was separately 

determined for both sides. The unthresholded group and individual PDMs registered 

in standard space were masked with the corresponding group probability mask. In the 

next step, we used fslstats to define the x, y, z coordinates of the CoGconn of the 
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masked group PDMs and the corresponding masked individual PDMs in each axial 

slice from z = - 10 to z = - 48, and calculated their distance in mm.  

 
Comparison of segmentation results to microscopic anatomy and anatomical reference 

material 

The correspondence between the known microscopic anatomy and the 

brainstem segmentation results was tested on a two step basis. Distinct anatomical 

structures were identified by an experienced neuroanatomist and the help of the 

corresponding sections of a neuroanatomy atlas (Nieuwenhuys et al., The human 

central nervous system, 3rd edition, Berlin, Springer Verlag, 1988, Figures 99 and 103. 

Reproduced with permission.). The histological sections were obtained from a single 

subject (41-year-old male without history of neurological disorders or brain injury) 

and stained for myelin and for cells (courtesy of the Department of Anatomy, 

University of Szeged, Hungary). Corresponding sections of the neuroanatomy atlas 

were overlaid on the histological images and sections of the MNI152 1 mm standard 

brain. The results of the connectivity-based brainstem segmentation were visually 

compared with the underlying anatomical structures. The anatomical structures used 

for comparison were the followings: frontopontine tract (frontopontine CDR), 

corticospinal tract and occipitoparietotemporopontine tract (motor CDR), medial 

lemniscus, and spinothalamic tract (sensory CDR), central tegmental tract, superior 

cerebellar peduncle, dorsal longitudinal fasciculus (reticular CDR).  

 
Assessment of subregion-specific quantitative measures (connectivity, FA) 

We investigated the relationship between the connectivity values of the PDMs 

and the corresponding FA values, and whether characteristic subregion-specific 

changes can be detected in the connectivity and FA values along the rostrocaudal axis 

of the brainstem. 

As a first step, we wanted to examine the extent of overlap between the 

maximum connectivity and the maximum FA voxels in the masked individual PDMs. 

To this end, we registered the individual FA maps to standard space and then masked 

these FA maps with the previously generated masked individual PDMs. Then we 

defined the x, y, z coordinates of the maximum connectivity and the maximum FA 

voxels within each axial slice between z = - 10 and z = - 48, and calculated their 

distance in mm. 
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Using the masked individual PDMs and FA maps registered to standard space, 

the individual mean connectivity and mean FA values were calculated for each axial 

slice of each subregion. Then these individual values were averaged to group mean 

connectivity and group mean FA values characteristic to each axial slice of the 

subregions. We aimed at evaluating the relationship of these group mean connectivity 

and FA values with the rostrocaudal position (z coordinates) of the given axial slice in 

standard space by performing Spearman’s rank correlation and Pearson’s correlation 

with IBM SPSS Statistics for Windows, Version 22.0. (Armonk, NY: IBM Corp. 

Released 2013). Significance was assumed at p < 0.05.  

 
Two illustrative cases of severe traumatic brain injury 

 Patient 1 Patient 2 

Age at the time of injury 21 32 

Sex male male 

Mechanism of injury fall road collision 

Glasgow Coma Score at first 
presentation 

3 3 

Initial findings on CT small hyperintensities on the 
cerebral convexity 

intracerebral hemorrhage in the 
left occipital lobe (location of a 

former surgery of an 
arteriovenous malformation) 

Days from injury to MRI 12 days 19 days 

MRI findings diffuse axonal injury in the left 
occipital and temporal lobe, in 
the left cerebellar hemisphere, 
in the splenium of the corpus 

callosum and in the dorsal 
mesencephalon 

parenchymal damage due to 
previous surgeries and 

traumatic hemorrhage in the 
left occipital lobe, contusion of 
the left cerebellar hemisphere, 

diffuse axonal injury in the 
splenium of the corpus 

callosum 
Outcome traumatic coma for 10 days, 

then gradual improvement to 
self-care (Barthel scorea: 90) 

traumatic coma for 16 days, 
then persistent vegetative state 
until his death 5 months after 

the injury 
a (Mahoney and Barthel, 1965) 

Table 3: Clinical details of the two illustrative cases of severe traumatic brain injury 

Two patients with severe traumatic brain injury (TBI) (for clinical data please 

see Table 3) underwent the same diffusion MRI protocol and MRI data processing as 

described above. The mean connectivity and mean FA values for each axial slice of 

each subregion were calculated with one modification compared to the above 

described protocol: in order to obtain the FA curve along the entire 
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pontomesencephalic region in Patient 2 as well, we used the unthresholded but 

masked PDMs for the calculation of the mean FA values in case of both patients. 

 
Results  

 
Segmentation pattern on the group level  

The medial portion of the cerebral peduncles was dominantly connected to the 

left and right ALIC (frontopontine CDR). This CDR could be followed downwards 

until the mid-pons. The middle and lateral portions of the cerebral peduncles and both 

sides of the pontine basis dominantly connected to the left and right PLIC (motor 

CDR). The dorsolateral part of the mesencephalon and the border of the pontine 

tegmentum and basis were dominantly connected to the sensory thalamus (sensory 

CDR). The mesencephalic and pontine tegmentum were dominantly connected to the 

medial thalamus (reticular CDR) (Figures 4 and 5).  

 
Figure 5: Intersubject variability maps overlaid on axial slices of the MNI152 2 mm brain from  
z = −8 to z = −44. Maps are thresholded to contain only those voxels that showed connectivity to the 
corresponding target mask in at least 6 subjects. Color intensity reflects the number of subjects with a 
connection in the given voxel (indicated by the color bar in the upper right corner of the figure). In the 
first row, intersubject variability of the frontopontine probability distribution map (PDM) can be seen, 
showing the regions of the pontomesencephalic seed mask connecting to the target masks of the left 
(red-yellow) and right (blue) anterior limb of the internal capsule (ALIC). It can be seen that the 
frontopontine connections end in the mid-pons. In the second row, intersubject variability of the motor 
PDM is displayed, representing connections to the target masks of the left (red-yellow) and right (blue) 
posterior limb of the internal capsule (PLIC). In the third row, the intersubject variability of the 
reticular PDM is displayed, reflecting connectivity to the bilateral medial thalamus target mask (red-
yellow). In the fourth row, intersubject variability of the sensory PDM can be seen, showing the 
regions that connect to the bilateral sensory thalamus target mask (red-yellow). Note that the central 
regions of the PDMs are highly consistent, and the overall intersubject variability is relatively low. 
Orientation is radiological (i.e., left = right). 
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The intersubject variability maps (Figure 5) showed that the PDMs also 

contained collateral connections of the detected subregions.  Thus, the reticular PDMs 

also involved areas that can be identified as the superior cerebellar peduncle, pontine 

nuclei and corticobulbar pathways based on their location. Furthermore, the left and 

right motor PDMs contained connections with sensory regions, since the target mask, 

the PLIC incorporates sensory pathways like the thalamocortical projections as well. 

 
Segmentation pattern on the individual level 

The individual CMs were very similar to the group CM (Figure 6) in most 

subjects, that is the connectivity-based segmentation of the brainstem resulted a 

highly consistent connectivity pattern in 13 out of the 20 healthy subjects (65%). 

The distance between the individual and group CoGconn locations was 

dominantly in the range of one voxel in MNI152 2 mm standard space (91.74% of the 

calculated distances were ≤ 2 mm, 7.9% were > 2 mm and ≤ 4 mm, and 0.33% were 

above 4 mm) reflecting good consistency of the individual results of the 

segmentation.  

 
Comparison of segmentation results to microscopic anatomy and anatomical reference 

material  

Overlaying the corresponding sections of the Nieuwenhuys atlas 

(Nieuwenhuys et al., The human central nervous system, 3rd edition, Berlin, Springer 

Verlag, 1988, Figures 99 and 103, reproduced with permission) on the histological 

sections and the MNI152 1 mm standard brain MR images, the group CM derived by 

the connectivity-based segmentation of the brainstem with 25% threshold was in good 

overall visual concordance concerning the spatial distribution of the identified CDRs 

with the pathways displayed in the atlas and determined on the histological sections 

(Figure 6). In case of the sensory CDR, the medial lemniscus was located on the 

border of the motor and sensory CDRs in the mesencephalon, while in the pontine 

region part of it was identified in the motor CDR. 
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Figure 6: Comparison of the group connectivity map (CM) with histological sections and the 
Nieuwenhuys neuroanatomy atlas (Nieuwenhuys et al., The human central nervous system, 3rd edition, 
Berlin, Springer Verlag, 1988, Figure 99 and 103. Reproduced with permission.): A: Level of the 
oculomotor nerve root: the group CM (left overlay) and the corresponding figure (Fig. 99) of the 
Nieuwenhuys atlas (right overlay) aligned to an axial slice of the MNI152 1 mm brain adjusted to fit 
the horizontal position of the histological slice on panel B. B: Histological section matching the level 
of panel A: contours of the connectivity-defined regions (CDR) of the group CM (left overlay) and 
corresponding figure (Fig. 99) of the Nieuwenhuys atlas (right overlay). Luxol blue – picrosirius red 
stain (by courtesy of the Department of Anatomy, Histology and Embryology, University of Szeged, 
Hungary). C: Level of the trigeminal nerve root: group CM (left overlay) and corresponding figure 
(Fig. 103) of the Nieuwenhuys atlas (right overlay) aligned to an axial slice of the MNI152 1 mm brain 
adjusted to fit the horizontal position of the histological slice on panel D. D: Histological section 
matching panel C: contours of the CDRs of the group CM (left overlay) and corresponding figure (Fig. 
103) of the Nieuwenhuys atlas (right overlay). Luxol blue – picrosirius red stain (by courtesy of the 
Department of Anatomy, Histology and Embryology, University of Szeged, Hungary). Color-coding of 
the CMs: yellow – frontopontine CDR, orange – motor CDR, red – sensory CDR, brown – reticular 
CDR. Anatomical structures identified: a – superior cerebellar peduncle, b – frontopontine tract, c – 
corticospinal tract, d – occipitoparietotemporopontine tract, e – medial lemniscus, f – central 
tegmental tract, g – spinothalamic tract, h – dorsal longitudinal fasciculus. Note the good overall 
visual concordance of the identified CDRs with the pathways displayed in the atlas and determined on 
the histological sections. The medial lemniscus (e) is identified on the border of the motor and sensory 
CDRs on panels A and B (mesencephalon), while on panels C and D (pons), part of it can be detected 
within the motor CDR. 
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Assessment of subregion-specific quantitative measures (connectivity, FA) 

The maximum connectivity and maximum FA voxels in each axial slice of the 

individual PDMs overlapped in 5.5-33.5% of the cases, with the highest rate of 

overlap in the motor subregion and the lowest rate of overlap in the reticular 

subregion (Table 4). The distance between the maximum connectivity and the 

maximum FA voxels in each axial slice of the PDMs was ≤ 2 mm in 51.7%, > 2 mm 

and ≤ 4 mm in 28%, and above 4 mm in 20.3 % of the cases.  

The investigation of the rostrocaudal connectivity and FA value changes in the 

detected subregions revealed a characteristic location-dependent pattern along the 

longitudinal axis of the brainstem in all subregions (Figure 7, Figure 8). The 

relationship of the mean connectivity values to their rostrocaudal position 

(represented by the z coordinate of the given axial slice) was proven to be 

monotonous in all subregions (all Spearman’s rhos [rS] and Pearson’s coefficients [rP] 

were above 0.688, p < 0.001). The relationship of the mean FA values to their 

rostrocaudal position was monotonous in the frontopontine subregion (left rS : 0.930, 

left rP : 0.921 and right rS : 0.879, right rP : 0.889, all p < 0.001), and not only 

monotonous but also linear in the motor subregion (left rS : 0.997, left rP : 0.986 and 

right rS : 0.988, right rP : 0.961, all p < 0.001). In the sensory (left rS: 0.332, p = 0.152, 

left rP: 0.430, p = 0.058 and right rS: 0.320, p = 0.169, right rP: 0.387, p = 0.092) and 

reticular (left rS: 0.717, left rP: 0.691, both p < 0.001 and right rS: 0.614, right rP: 

0.620, both p = 0.004) subregions mean FA values were shown to be in a nearly 

parabolic relationship with their rostrocaudal position. That is, the highest mean FA 

values in the sensory and reticular subregions were observed in the upper pons, and 

lower values were found in the mesencephalon and the lower pons. 

Subregion 

Overlapping maximum 
connectivity and 

maximum FA voxels 
(%) 

Subregion 

Overlapping 
maximum 

connectivity and 
maximum FA voxels 

(%) 
Left frontopontine 19.44 Left sensory 32.25 

Right frontopontine 27.78 Right sensory 14.25 

Left motor 33.5 Left reticular 7.5 

Right motor 29.75 Right reticular 5.5 

Table 4: Percentage of overlapping maximum connectivity and maximum FA voxels on the group 

level in the given subregion 
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Figure 7: Plots depicting the mean connectivity and mean fractional anisotropy (FA) values in the 
axial slices of left and right motor and reticular subregions as a function of the z coordinate in 
MNI152 2 mm standard space. Note the parallel course of the two curves in the motor subregion, in 
contrast to the reticular subregion, where mean connectivity values more markedly decrease in the 
mesencephalic region and reach a relative plateau in the pons, whereas FA values increase in the 
mesencephalon and start to diminish caudal to the pontomesencephalic junction. 
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Figure 8: Plots depicting the mean connectivity and mean fractional anisotropy (FA) values in the 
axial slices of left and right frontopontine and sensory subregions as a function of the z coordinate 
in MNI152 2 mm standard space. Note the similar mean connectivity and FA curves with 
monotonically decreasing values in the caudal direction in the frontopontine subregions, and the 
different course of the two curves in the sensory subregions, that is, the mean connectivity curve shows 
a monotonous decrease in the caudal direction with a relative plateau in the upper two-thirds of the 
pons, whereas FA values increase in the mesencephalic region, reach a plateau in the upper pons, and 
continue diminishing in the lower half of the pontine region. 

Two illustrative cases of severe TBI 

On both the FLAIR and SWI images of Patient 1, bilateral diffuse axonal 

injury can be seen in the dorsal pontomesencephalic region (Figure 9), whereas in the 

case of Patient 2, this region appeared to be intact on these sequences. In case of 

Patient 1, the connectivity-based brainstem segmentation showed diminished 

connectivity compared with the healthy subjects in all examined subregions, but 

connectivity to the medial thalamus could be identified along the entire 

pontomesencephalic part of the brainstem that we examined. However, in the case of 

Patient 2, the connectivity-based brainstem segmentation revealed a more widespread 

damage of the brainstem with left-sided predominance. In the mesencephalon, all 
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subregions could be detected with diminished connectivity, but in the pontine region, 

connectivity was more severely decreased to the ALIC on both sides, to the left PLIC 

and to the left sensory thalamus (data not shown), whereas no connectivity to the 

medial thalamus could be identified bilaterally (Figure 10). 

 
Figure 9: Potential clinical applicability of the connectivity-based brainstem segmentation in 
patients with severe traumatic brain injury (TBI). In the upper row, pictures of a patient with severe 
TBI (Patient 1) who regained consciousness after traumatic coma can be seen, whereas in the lower 
row, matched pictures of a patient with severe TBI (Patient 2) who remained in a persistent vegetative 
state are displayed (A, D: SWI; B, E: FLAIR; C and F: results of the connectivity-based brainstem 
segmentation projected on the MNI152 2 mm brain. All pictures depict approximately the same level of 
the upper pons). In pictures A and B, signs of diffuse bilateral axonal injury can be seen in the dorsal 
pontomesencephalic region (white arrows), whereas in case of Patient 2, this region appears to be 
intact in pictures D and E. Although the results of the connectivity-based brainstem segmentation show 
substantial differences in both patients compared with healthy subjects, it is apparent that Patient 2 
suffered a more widespread damage of the brainstem with left-sided predominance, and the reticular 
subregion cannot be identified as opposed to Patient 1. Color-coding: orange: right motor 
connectivity-defined region (CDR), green: left motor CDR, purple: right reticular CDR, yellow: left 
reticular CDR, pink: right sensory CDR. Orientation is radiological (i.e., left = right). 
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Figure 10: Plots depicting the mean connectivity and mean fractional anisotropy (FA) values in the 
axial slices of left and right reticular subregions as a function of the z coordinate in MNI152 2 mm 
standard space in two illustrative cases of severe traumatic brain injury (TBI) with different 
outcomes. Plots A and B show the mean connectivity and FA curves of the reticular subregions of 
Patient 1, whereas plots C and D show the same curves for Patient 2. The mean connectivity curve of 
Patient 1 is similar to that of the healthy subjects (Fig. 7), but in case of Patient 2, no reticular 
connectivity can be detected along the entire pons. In Patient 1, FA values in the mesencephalon are 
even lower than in Patient 2, which may be the consequence of hemorrhagic lesions. However, in 
Patient 2, the maximum of the FA curve is also located at the pontomesencephalic junction, similarly to 
the healthy subjects. 

 
Discussion 

 
The aim of our study was to identify quantitative measures that could be 

potential biomarkers in the examination of the major brainstem pathways. These 

biomarkers could help in the understanding and (in case of treatable pathologies) also 

the therapeutic decision making of several diseases such as pediatric cerebral 

malformations involving the pontocerebellar region, traumatic brain injury, 

inflammation or demyelination. As a first step we used connectivity-based 

segmentation by probabilistic tractography to localize four distinct brainstem 

subregions: 1, frontopontine; 2, motor; 3, sensory; 4, reticular formation. The 

A B

C D
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segmentation results were then verified by histological sections and a neuroanatomy 

atlas. Finally, we identified quantitative measures typical for these subregions. With 

the presentation of two severe TBI cases our aim was to demonstrate one potential 

clinical application of the identified biomarkers.  

 
Correspondence of the connectivity-defined brainstem regions with the known 

anatomy  

 The location of the CDRs of the group CM showed an overall good 

concordance with the anatomy identified on the histological sections and a 

neuroanatomy atlas (Nieuwenhuys et al., The human central nervous system, 3rd 

edition, Berlin, Springer Verlag, 1988, Figures 99 and 103, reproduced with 

permission), and also corresponded to the results of former DTI studies  

(Wakana et al., 2004; Ramnani et al., 2006; Habas and Cabanis, 2007; Kamali et al., 

2010). The good consistency of the segmentation results and the anatomy makes this 

method suitable for quantitative analyses of the examined brainstem subregions. 

 
Reproducibility of the connectivity-based brainstem segmentation 

The intersubject variability maps reflected a good overall consistency of the 

PDMs among the subjects. Each subregion was represented in the corresponding 

PDM in all of our subjects, with the highest connectivity values according to the 

expected anatomical location of the incorporated subregion. These connectivity values 

exhibited a decrement beyond the boundaries of the CDR detected within the given 

PDM (data not shown). 

On the individual level, all four subregions were successfully identified by the 

hard segmentation in 13 out of 20 subjects (65%), but in the remaining 7 subjects the 

connectivity pattern of the different PDMs was similar to that of the other 13 subjects. 

In the 7 subjects by whom the hard segmentation failed to identify all subregions 

completely, the small differences between the connectivity values within the 

neighboring reticular and sensory PDMs could mislead the hard segmentation (as it 

relies on the ”winner takes it all” principle), and precluded the detection of one of 

these subregions. 

According to our measurements, the distance between the group and 

individual center of gravity of the connectivity values (CoGconn) was below 2 mm in 

91.7 % of the cases, which shows that the CoGconn of the different subjects was mostly 
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situated in the same or in neighboring voxels, reflecting good reproducibility of the 

connectivity measures within the identified subregions.  

 
Subregion-specific quantitative measures (connectivity, fractional anisotropy)  

In addition to its applicability in regions with high uncertainty, a further 

advantage of probabilistic tractography over deterministic methods is its suitability for 

quantitative measurements of connectivity. Using this advantage, our goal was to 

assess changes in the connectivity and fractional anisotropy (FA) values in the 

identified subregions along the rostrocaudal axis of the brainstem. Former studies 

have reported characteristic diffusion anisotropy profiles along the rostrocaudal 

course of the corticospinal tract (Virta et al., 1999; Stieltjes et al., 2001;  

Wakana et al., 2007; Hua et al., 2008) and the medial lemniscus (Stieltjes et al., 2001) 

in the mesencephalon and the pons. A small number of studies have provided 

quantitative diffusion MRI values of the ascending reticular activating system 

(ARAS) (McNab et al., 2013; Yeo et al., 2013; Jang and Kwon, 2015) and the 

frontopontine pathways (Kamali et al., 2010), but as far as we know, no study has 

performed investigation of the rostrocaudal connectivity or FA profiles of these 

cerebral structures in the brainstem. Although due to the numerous differences in the 

applied methodology, our results are not directly comparable to the findings of these 

former studies, but the similar shape of the rostrocaudal FA profiles within the 

pontomesencephalic region observed in our study further supports the validity of our 

results. In case of the frontopontine subregions the mean connectivity and FA values 

showed a monotonous decrement in caudal direction, while in the motor subregions 

the curve of the mean FA values followed not only a monotonous, but a linear course. 

(Figures 7 and 8). As both pathways run in the cerebral peduncle, where white matter 

fibers have a highly ordered arrangement, this may be a possible explanation for the 

highest FA values observed in the mesencephalic region (Virta et al., 1999). The 

decrease of the FA values in the caudal direction may be due to the spreading of the 

frontopontine fibers as they terminate on the pontine nuclei, and the interposition of 

the transverse pontine fibers traversing the corticospinal tract in the pons. In the 

reticular and sensory subregions a relative plateau of the mean connectivity values 

was observed in the pons, while FA profiles followed a U-shape. These characteristic 

changes may indicate structural differences between these subregions, and therefore 

may serve as potential biomarkers in the investigation of brainstem pathologies.  



	 48	

Skeletonizing white matter pathways according to their maximum FA voxels 

is a popular way to investigate microstructural white matter differences between 

groups of subjects (Smith et al., 2006). Comparing the location of the maximum FA 

voxel to the maximum connectivity voxel within each axial slice of the subregions 

revealed that these voxels overlapped in only 5.5-33.5% of the cases, with the highest 

rate of overlap in the motor subregion, and the largest distances in the reticular 

subregion (Table 4). This finding reflects that in the majority of the cases it was not 

the highest FA voxel that was traversed by the highest number of samples. FA 

measurements are based on local diffusion parameters, while connectivity relies on 

more global diffusion information to characterize white matter microstructure. The 

high ratio of divergence between the highest FA and connectivity values raises the 

possibility that connectivity may be a more sensitive parameter for the investigation 

of the compact structure of the brainstem, especially the reticular formation. 

Connectivity-based segmentation of the brainstem completed with parallel 

investigation of the rostrocaudal changes of the connectivity and FA values may be 

particularly useful in the investigation of the reticular formation in disease states, 

considering the low FA value characteristic to this structure built up by several gray 

matter nuclei and interdigitating axon fibers (Purves et al., 2001).  

 
Potential clinical applicability 

Our results obtained in 20 healthy subjects may provide reference for future 

studies investigating various pediatric and adult patient populations. The  

connectivity-based identification of the pontomesencephalic reticular formation may 

serve as a basis for quantitative studies using diffusion MRI-related biomarkers to 

assess the anatomical components of arousal in patients with traumatic brain injury. 

Former studies suggested that traumatic coma may be a result of white matter injury 

in the ARAS (Firsching et al., 1998; Smith et al., 2000), moreover, it may be the 

consequence of subcortical disconnection between brainstem arousal nuclei and 

thalamic intralaminar and reticular nuclei and the basal forebrain (Edlow et al., 2013). 

The outcome was found to be the worst in case of bilateral posterior brainstem lesions 

(Hilario et al., 2012). However, the specific pathways involved in the development of 

traumatic coma are still subject of intensive research (Fischer et al., 2016.). In Figures 

9 and 10, we present two illustrative cases of severe TBI with similar initial clinical 

presentation but different outcome (regained consciousness  
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vs. persistent vegetative state). The results of the connectivity-based brainstem 

segmentation would have suggested the opposite outcome for the two patients 

compared with the conventional MRI sequences and the FA values. These 

representative cases indicate that this method may provide useful additional 

information for the prediction of long-term outcome in patients with severe TBI. 

Further candidate pathologies may be space-occupying lesions (brainstem tumors), 

pediatric cerebral malformations affecting the pontocerebellar region, brainstem 

stroke (Parvizi and Damasio, 2003), and disorders of myelinisation affecting the 

brainstem.  

 
Limitations  

Since it is well known that diffusion MRI is sensitive to physiological noise 

(Bammer, 2003), various methods are available to alleviate the distortion potentially 

induced by cardiac and respiratory motion (e.g., cardiac gating [Habib et al., 2010], or 

navigator-corrected approach [Alhamud et al., 2015], etc.) In our study the acquisition 

of the DTI sequence was repeated twice and ASSET was used to increase the  

signal-to-noise ratio and improve image quality.  

It has been shown that probabilistic tractography is inherently distance 

dependent (Behrens et al., 2007), the more distant target points are tracked from the 

seed point, the lower connectivity probabilities will be resulted. As it can be observed 

on Figures 7 and 8, connectivity values showed a monotonous decrement in 

rostrocaudal direction in all examined subregions. Applying a distance correction to 

the connectivity values would have distorted the original connectivity measures, 

especially in case of group data, therefore we opted not to use distance correction in 

our study (Pelzer et al., 2013). As there are crossing-fiber regions in the brainstem, 

the observed reduction of connectivity with longer distance might also reflect the 

effect of this phenomenon (Pelzer et al., 2013).  

As it was highlighted by the cases of those 7 subjects, in whom not all four 

subregions were successfully identified, hard segmentation is insensitive of the extent 

of differences between connectivity values, and can be driven even by small 

discrepancies. Checking the PDMs can help to evaluate the connectivity in these 

cases.  

In this study conducted with young, healthy adults we opted to use linear 

registration, as our aim was to keep the anatomic variability of the detected 
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connectivity maps (Johansen-Berg et al., 2005). As all group studies face the problem 

of registration accuracy, the calculation of the distance between the individual 

CoGconn locations to the group average may also be affected by registration error.  

The 24-48 hours processing time can be considerably accelerated by further 

optimization of the sequences or increasing computational power (e.g., grid engine 

parallel implementation on central processing unit or graphics processing unit, 

improvement of the hardware resources) (Hernández et al., 2013).  

Applying the PLIC as a target mask instead of the primary motor cortex has 

advantages regarding the shorter distance between the seed and the target regions that 

the tracking has to cover, which may contribute to the reduction of tracking errors and 

may decrease the drop of connectivity values (Behrens et al., 2007). Furthermore, the 

outlining of the PLIC mask rather than the primary motor cortex is easier, quicker and 

more straightforward, which speeds up preprocessing time, and the smaller number of 

voxels in the PLIC mask also shortens computation time. Furthermore, the uncertainty 

of water diffusion is considerably higher in gray matter, than in white matter, which 

facilitates tractography using white matter masks. A potential drawback of the PLIC 

in contrast to the primary motor cortex is the lower specificity of the PLIC target 

mask, as other pathways (e.g., occipitoparietotemporopontine and sensory fibers) are 

also included in the mask, and that the smaller number of voxels in the PLIC target 

mask may result in lower connectivity values. However, we believe that the  

above-mentioned advantages associated with the usage of the PLIC mask outweigh its 

potential lower specificity, which can be increased by segmentation of the PLIC 

mask, and inclusion of only those voxels that dominantly connect to motor areas.  

Similarly, the sensory pathways were traced by their connectivity to the 

sensory thalamus defined in a standard connectivity atlas. The sensory pathways 

propagate adjacent to each other in the pontomesencephalic region, and our aim was 

to identify the region in the brainstem associated with sensory function. Despite its 

similar importance to the spinothalamic tract and the medial lemniscus, the trigeminal 

system was not highlighted in our study. However, as its main relay station in the 

sensory thalamus was incorporated in the sensory thalamus target mask we used, and 

trigeminal pathways run parallel to the other two major sensory pathways in the 

pontomesencephalic region (Upadhyay et al., 2008), we assume that the trigeminal 

pathways are also represented in the detected sensory subregion.  
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The arbitrary selection of four simplified functional subregions for the 

segmentation of the brainstem can also be held a limitation of our study. Taking the 

complex anatomy of the brainstem into account with many smaller pathways 

traversing its structure, our aim was to find a reasonable compromise between clinical 

feasibility and specificity to elaborate a method that is still helpful in answering 

diagnostic and therapeutic questions. The identification of further brainstem structures 

by increasing the complexity and specificity of this connectivity-based brainstem 

segmentation can potentially be the subject of future studies. 

 

Conclusions 

In the past three decades, functional and diffusion magnetic resonance 

imaging have emerged from purely research methods to clinical tools, increasingly 

playing a role as a significant add-on in the diagnosis and therapy of CNS diseases 

(e.g., tumors, injuries, malformations, demyelination, etc.). During my PhD work I 

applied these state-of-the-art imaging techniques to develop potential non-invasive 

clinical tools in the diagnosis and therapy of several diseases of the CNS.  

The self-paced implementation of the SYN and VIT fMRI tasks in a mixed 

BL/ER fashion seems to be a well-applicable alternative to a pure block-design 

approach, making both tasks more suitable for use in participants with both above- 

and below–average language abilities. Moreover, our results confirmed that the ER 

analysis of the paradigm provides more specific detection of the productive language 

network. Despite the lower design efficiency, individual sensitivity to activation was 

not affected. We therefore suggest that these modifications should be considered 

when aiming to investigate language functions in a presurgical setting in particular. 

Mapping of the brainstem is challenging, which is even more true when it is 

affected by certain pathologies that distort the normal anatomy. Following the 

principles of the connectivity-based thalamus segmentation elaborated by  

Behrens et al. in 2003, we successfully segmented and identified four main functional 

subregions (motor, sensory, cognitive and reticular formation) in the brainstem, and 

found potential diffusion-tensor imaging-based quantitative biomarkers that were 

successfully tested in the diagnostic workup of TBI. 
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Both new methods warrant further research to test their applicability in various 

disease states and patient populations. 
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