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Abstract 

 
 
A recent technique in brachial plexus avulsion is the reconnection of the ending of a broken 

musculocutaneous nerve to the side of intact phrenic nerve which results in a new double 

function of the phrenic nerve, allowing it to control both breathing and elbow flexion. It also 

reconnects the neuronal pathway towards the motor cortex in the brain.  

However, the mechanism behind this reconnection is not well known, and its physiology is 

yet to be researched.   

In this thesis, we investigated the mechanisms underlying the re-establishment of arm 

function via a doubled arm representation in the primary motor cortex based on functional 

magnetic resonance imaging (fMRI).   

After a general introduction, the physical mechanism of MRI/fMRI are introduced. 

Furthermore, the most essential experimental designs and three technical methods used to 

explore the reorganization of active brain regions are described. The following section focuses 

on definitions of brachial plexus avulsion patients, different diagnoses methods and biggest 

challenges the patients facing. Then we explain experimental details for the fMRI 

measurement. The next part deals with the analysis of fMRI and data of three technical 

methods: (i) Dynamic Causal Modeling (DCM), to investigate the effective connectivity, (ii) 

Diffusion Tensor Imaging (DTI), to investigate the structural connectivity and (iii) Functional 

Connectivity (FC), to investigate the functional connectivity. fMRI effective/functional 

connectivity and structural changes within the motor network were compared between a group 

of patients (6 patients and 12 healthy controls) and age-matched healthy controls (at 7 Tesla). 

Our results provide the first evidence, that peripheral nervous system reconstruction can 

evoke complex effective connectivity changes within the motor homunculus of healthy brains 

and also extend current knowledge about neuroplasticity within the motor cortex. The last 

part gives a summary of limitations and future research and shows how our new results can 

contribute to the deep understanding of the disorders.  
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Zusammenfassung 
 
Eine neuere Technik beim Ausriss des Plexus brachialis ist die Wiederverbindung des Endes 

eines unterbrochenen Nervus musculocutaneus mit der Seite eines intakten Nervus phrenicus. 

Dies führt zu einer neuen Doppelfunktion des Nervus phrenicus, die es ihm ermöglicht, 

sowohl die Atmung als auch die Ellenbogenflexion zu steuern. Es verbindet auch den 

neuronalen Weg zum motorischen Kortex im Gehirn wieder. Der Mechanismus dahinter ist 

jedoch nicht gut verstanden und die Physiologie muss noch erforscht werden. In dieser Arbeit 

untersuchten wir die Mechanismen, die der Wiederherstellung der Armfunktion über eine 

doppelte Armdarstellung im primären motorischen Kortex zugrunde liegen, wobei der 

Schwerpunkt auf der funktionellen Magnetresonanztomographie (fMRT) lag. 
 
 
Nach einer allgemeinen Einführung wird ein Überblick über die physikalischen Mechanismen 

von MRT und fMRT gegeben. Darüber hinaus werden die wichtigsten Versuchspläne und drei 

technische Methoden beschrieben, mit denen die Reorganisation der beteiligten Hirnregionen 

untersucht wurde. In den folgenden Abschnitten werden die Definitionen von Patienten mit 

Plexus brachialis, verschiedene Diagnosemethoden und die größten Herausforderungen für 

die Patienten behandelt. Anschließend erklären wir experimentelle Details für die fMRI-

Messung. Der nächste Teil befasst sich mit den drei technischen Methoden zur Analyse der 

fMRT Daten: (i) Dynamic Causal Modeling (DCM) zur Untersuchung der effektiven 

Konnektivität, (ii) Diffusion Tensor Imaging (DTI) zur Untersuchung der strukturellen 

Konnektivität und (iii) Functional Connectivity (FC) zur Untersuchung der funktionalen 

Konnektivität. Die effektive / funktionelle Konnektivität des fMRI und strukturelle 

Veränderungen innerhalb des motorischen Netzwerks wurden zwischen einer Gruppe von 

Patienten (6 Patienten und 12 gesunde Kontrollpersonen) und altersentsprechenden gesunden 

Kontrollpersonen (bei 7 Tesla) verglichen. Unsere Ergebnisse liefern erste Beweise dafür, 

dass die Rekonstruktion des peripheren Nervensystems komplexe effektive 

Konnektivitätsänderungen im motorischen Homunkulus gesunder Gehirne hervorrufen und 

das aktuelle Wissen über die Neuroplastizität im motorischen Kortex erweitern kann. Der 

letzte Teil gibt einen Überblick über Einschränkungen und zukünftige Forschungen und zeigt, 

wie unsere neuen Ergebnisse zum tiefen Verständnis der Störungen beitragen können. 
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1. Introduction 
 

Improvement in upper limb function is one of the most significant motor function for 

humans. All disruptions of arm functions without considering if they occur within the 

peripheral or central nervous system, a loss of arm function has considerable consequences. 

Thus, a comprehensive understanding of neuroplastic mechanisms allowing for the 

restoration of limb function is essential. The impressive power of cortical reorganization 

following brain damage has widely been proven; for a recent review of mechanisms within 

the somatosensory network see Harding-Forrester and Feldman (2018); for the motor 

network see Beisteiner and Matt (2011). Previous studies have shown that the neuronal 

reorganization after targeted reinnervation. This surgical technique restores a direct neural 

connection from amputated sensorimotor nerves to new peripheral targets (Chen et al., 

2013) after a severe injury or amputation are common in most patients. However, possible 

mechanisms for neuroplastic changes after peripheral damage are not well understood. 

Particularly interesting is the cortical neuroplasticity after nerve repair in brachial plexus 

lesions. The main causes of plexus paresis are traction due to extreme movements and 

substantial impacts. When the arm moves downward, and the shoulder-neck angle is 

widened violently, the lesion occurs in the upper roots and trunk. The most violent trauma 

leads to a lesion at all levels. A break in the cords and/or individual infraclavicular nerves 

is caused by traction and/or violent widening of the shoulder blade angle (Thatte et al., 

2013). A recent technique in brachial plexus avulsion is the reconnection of the ending of 

a denervated musculocutaneous nerve to the side of intact phrenic nerve results in a new 

double function of the phrenic nerve, allowing it to control both breathing and elbow 

flexion. It also reconnects the neuronal pathway towards the motor cortex in the brain 

(Beisteiner et al., 2011).  

Nevertheless, the mechanism behind this reconnection is not so well known, and its 

physiology is yet to be researched with an fMRI. The cortical reorganization after brain 

damage has mainly been proven in studies. In this study, we used functional magnetic 

resonance imaging (fMRI) as a modality in order to focus on the physiological aspect of 

the reinnervation and signal transfer towards the motor cortex. In this introduction, we will 

give a brief background on the methods we used in our research.  
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Functional magnetic resonance imaging revolutionized cognitive neuroscience in the past 

decade. FMRI uses the coupling between neuronal and hemodynamic activity (local 

control of blood flow and oxygen supply) in the brain, allowing non-invasive location and 

measurement of brain activity. Unlike x-rays, which use a form of high-energy 

electromagnetic radiation in order to “see through” soft tissue, MRI does not use any 

ionizing radiation and has a temporal resolution of seconds and a high spatial resolution of 

millimeters.   

MRI is founded on the fundamental physics of nuclear magnetic resonance (NMR), which 

was first experimentally demonstrated in 1946 independently by Purcell and Bloch. The 

key ingredient that enables NMR is the existence of a curious property of many subatomic 

particles known as spin. Not all nuclei exhibit a spin, which is restricted to those with an 

odd number of neutrons or protons. In the case of MRI, the majority of imaging that is 

performed today is based on the nucleus of hydrogen or the single proton, which also 

exhibits a spin (Plewes et al., 2012).  Magnetic resonance imaging (MRI) uses the body's 

natural magnetic properties to create detailed images of each part of the body. The 

hydrogen nucleus (a single proton) is used for imaging purposes because of its abundance 

of water and fat. The hydrogen proton can be compared to the planet Earth, which rotates 

around its axis with a north-south pole. In this regard, it behaves like a small bar magnet. 

Under normal circumstances, these hydrogen proton bar magnets rotate in the body with 

their axes randomly aligned. When body is placed in a strong magnetic field such as an 

MRI scanner, all axes of the protons align. This uniform alignment creates a magnetic 

vector that is aligned along the axis of the MRI scanner. When additional energy (in the 

form of a radio wave) is added to the magnetic field, the magnetic vector is deflected. The 

radio wave frequency that causes the resonance of the hydrogen nuclei depends on the 

element (in this case hydrogen) and the strength of the magnetic field (Berger, 2002).  

What is also unique about MRI compared to other imaging methods, according to Plewes 

and Kucharczyk, is that the signal is generated by the entire object and not just by a single 

point in space. Some form of spatial coding is therefore required to determine the location 

of the origin of the signal. This is done by uneven magnetic fields so that the spin locations 

are encoded.   
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Thirty years ago the discovery of the blood oxygen level-dependent (BOLD) contrast, first 

made by Bandettini et al. (1992) and Ogawa et al. (1992) and the invention of functional 

magnetic resonance imaging (fMRI) enabled improved analysis of regional brain activity. 

fMRI in the narrower sense refers to methods that can display activated brain areas (mostly 

based on blood oxygenation) with high spatial resolution. It also laid the foundation for 

novel approaches to investigate effective connectivity that are essential mechanically 

interpretable reports on neural systems and circuits. The main objective of fMRI is to locate 

specific brain functions caused by stimuli. This location is often called "brain mapping". 

The fact that the change in amplitude of the BOLD signal represents up to approximately 

5% of the MRI signal and the fact that there are many confusing effects such as unwanted 

head movements (caused by coughing, yawning, etc.) or signal drift makes the imaging of 

the brain a difficult task. Therefore, many mathematical and computational methods are 

needed to find the right regions. Dynamic Causal Modeling (DCM) and Granger, the 

modeling of causality (G-causality), have since been the most frequently used techniques 

to deduce effective connectivity from fMRI data (Stephan et al., 2012).  

DCM for fMRI data was introduced in 2003 in a groundbreaking article by Karl Friston, 

Lee Harrison and Will Penny. DCM represents a Bayesian framework for specifying and 

comparing generative models of measured brain responses. These models provide 

estimates of the neurophysiologically interpretable amounts, including effective 

connectivity between neuronal populations. The original DCM for fMRI used bilinear 

differential equations as a low-order approximation to a nonlinear system that describes 

how neural population dynamics result from effective connectivity and its contextual 

modulation (Stephan et al., 2008). Most used DCMs are hierarchical models, where a 

forward model links the neuronal state equations to measured data. Potentially nonlinear 

and stochastic differential equations describe neuronal dynamics. This is so, because DCM 

is based on the control theory concept of causality, describing how dynamics in one 

neuronal population causes dynamics in other populations. The central goal of DCM is not 

to decide whether an experimental condition triggered an effect. It serves to compare the 

relative plausibility of alternative neurophysiological mechanisms that may have caused 

an established effect (Stephan et al., 2012). Simply explained, DCM is based on a model 

comparison (the same way that Granger causality is inferred) that can be used to examine 
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model-space. Usually, in DCM one optimizes the model by an exhaustive search of model-

space (selecting the model with the greatest log-evidence) and then reports the conditional 

parameter estimates of the best model. Here the models differ in their connections and the 

resulting dynamics. It is common nowadays to explore model spaces with hundreds of 

models. DCM is exploratory. When comparing models, models with the same data are 

compared in terms of evidence (this is the basis of Bayesian factors or logarithmic odds 

ratios). The proof is simply the probability that the data will be given to a model. The 

complex part is that the data in the fMRI changes with the structural model, which means 

one cannot compare with different regions (with GCA or DCM). This makes structural 

model selection necessary and mandates exploratory analyses. This requires the selection 

of structural models and requires exploratory analysis.  

In this research, we also used Diffusion Tensor Imaging (DTI) in order to investigate the 

structural connectivity of the brain.  DTI has revolutionized the field of mapping of white 

matter. This MRI-based methodology, initially introduced in 1994 from Basser et al. 

(1994), takes advantage of the macroscopic geometric arrangement of beams of white 

matter, visible through MRI diffusion measurements. In general, diffusion MRI measures 

the translational displacement of water molecules. The term molecular diffusion was first 

formally described by Einstein in 1905 and referred to the notion that any type of molecule 

in a fluid (e.g., water) is randomly displaced as the molecule is agitated by thermal energy 

(Hagmann et al., 2006).  

The type of water displacement in the white matter was observed since the early days of 

MRI. The fractional anisotropy (FA) index is the most commonly used parameter by DTI 

for the representation of the anisotropy of movement of water molecules, sensitive to the 

presence and integrity of white matter fibers. This white matter is made up of thousands of 

neural fibers (axons) in each image pixel as well as a dense network of different types of 

glial cells with oligodendrocytes. (Assaf et al., 2008). Quantifying the degree of anisotropy 

in terms of metrics such as FA offers insight into white matter development and 

degradation (e.g., in the presence of infiltrating cerebral neoplasm). Additionally, white 

matter tractography or fiber tracking based on the same data acquisition allows descriptive 

delineation of white matter fiber paths and their potential displacement by mass lesions 

(Melhem et al., 2002). 
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One of the main advantages of DTI is that it can measure the main diffusivities regardless 

of the position of the fibers in the room. Diffusion tensor imagery measures the 

displacement of water molecules within the micrometre range and provides information 

about the fibers of white matter that are found in a pixel. So you can extract not only the 

size of the diffusivities but also their 3D alignment. (Assaf et al., 2008) The success of 

Diffusion Magnetic Resonance Imaging is deeply rooted in the powerful concept that 

molecules examine tissue structure on a microscopic scale far beyond the usual image 

resolution in their molecules. Of random displacement linked to the diffusion. The imaging 

of the diffusion tensor allows the visualization and characterization of white matter in two 

and three dimensions. Since the introduction of this method, it has been used to study the 

architecture of white matter and integrity of the normal and diseased brain. The recent 

development of DTI allows direct examination, in vivo, of some aspects of brain 

microstructure. DTI has shown to be of value in studies of neuroanatomy, fiber 

connectivity, and brain development. It has become interesting for investigation of 

different brain pathologies, such as cerebral ischemia, trauma, Multiple Scleroses, 

Alzheimer, cognitive impairment, epilepsy, brain tumors and metabolic disorders.  

Another very renowned method that has drawn increasing attention of neuroscientists and 

computer scientists is the functional connectivity (FC). Since it opens a new window to 

explore a functional network of human brain with relatively high resolution by measuring 

blood oxygen level-dependent (BOLD) single changes, FC has become a vital tool for 

mapping human brain functions in the past two decades.  

Instead of identifying the activated brain regions isolated under certain conditions, more 

attention has been paid to how the different parts of the brain connect, interact and 

coordinate to perform certain cognitive functions. Functional connectivity is defined as 

"temporal correlations between spatially distant neurophysiological events". Unlike 

anatomical connectivity, which describes the physical connections between two brain 

locations, and effective connectivity, which characterizes the influence that one neural 

system can have on another, functional connectivity examines regional brain interactions 

at the macro-level (Li et al., 2009).  

After extensive studies spanning more than a decade, scientists have developed various 

methods of detecting functional connectivity using fMRI. The software that we used in our 
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study is Statistical parametric mapping (SPM)1, which is a model-based method, and FSL 

(stands for FMRIB (Functional Magnetic Resonance Imaging of the Brain) Software 

Library) - a tool that can analyze a wide range of MR modalities (Oxford, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). 
 

2. Magnetic resonance imaging (MRI) 
 
Scanning the human brain and its function, imaging revolutionized cognitive neuroscience 

in the past decade. FMRI uses the coupling between neuronal and hemodynamic activity 

(local control of blood flow and oxygen supply) in the brain, allowing non-invasive 

location and measurement of brain activity.  

Unlike x-rays, which use a form of high-energy electromagnetic radiation in order to “see 

through” soft tissue, MRI does not use any ionizing radiation and has a temporal resolution 

of seconds and a high spatial resolution of millimeters.  

In the following sections, the physical mechanism of MRI/fMRI and DTI are described, 

and the standard textbooks like (Chavhan, 2006; Huettel et al., 2004; Plewes and 

Kucharczyk, 2012; Van Hecke et al., 2016) are used. 

 

2.1  Short Overview of fMRI technology 
There are many types of brain imaging Techniques to cognitive neuroscientists, including 

positron emission tomography (PET), near-infrared spectroscopy (NIRS), 

magnetoencephalogram (MEG), electroencephalography (EEG), and fMRI (Figure 2.1). 

fMRI is a technique for measuring brain activity that makes use of the Blood Oxygen Level 

Dependent (BOLD). It works by detecting the changes in deoxyhemoglobin concentration 

and small changes in blood flow that occur in response to neural activity. As showed in 

figure 2.2, when a brain area is more active, it consumes more oxygen and to meet this 

increased demand blood flow increases to the active area. This technique used to produce 

activation maps in order to show which parts of the brain are involved in a particular mental 

process, and the other hand, can detect abnormalities within the brain. This technology has 

been used to study connectivity between different areas of the brain. The temporal behavior 

                                                 
1 "SPM - Statistical Parametric Mapping". www.fil.ion.ucl.ac.uk. Retrieved 2019-10-03. 
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of a brain area is represented by the first principal component analysis (PCA) component 

of the region, which explains most variance of the region’s behavior. Since its inception in 

1990, fMRI has been used with exponential growth in studies of cognitive neurosciences 

for both clinical and academic applications. The popularity of fMRI derives from its 

widespread availability and also because it is an entirely non-invasive technique (does not 

use any ionizing radiation, like X-rays). fMRI can provide maps of white matter 

connectivity through the use of diffusion tensor imaging (DTI) which lead to informed 

more sophisticated modeling of brain networks to deep understanding of the human brain. 

 

 
Figure 2.1: Overview of different neurological imaging techniques. Comparison of the 

temporal resolution on the logarithmic-scaled x-axis in seconds versus the spatial 

resolution given on the logarithmic-scaled y-axis in millimeter. FMRI occupies a large 

space of the upper middle part of the figure, which indicates that it is useable for a wide 

range of scales (Medaglia, 2017). 
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Figure 2.2: fMRI is a technique that works by detecting the changes in deoxyhemoglobin 

concentration and small changes in blood flow that occur in response to neural activity. b) 

When a brain area is more active, it consumes more oxygen and to meet this increased 

demand blood flow increases to the active area (Chavhan, 2006).  
 

2.1.1 A brief history of human neuroimaging and MRI 

A historical overview of some of major events and personalities that associated with the 

development of human neuroimaging techniques shown in figure 2.3. The first human 

neuroimaging technique ever, known as ‘human circulation balance’ was invented by the 

Italian physiologist Angelo Mosso in the 1880s and showed the redistribution of blood 

during emotional and intellectual activity. By the beginning of the 20th century, a technique 

called pneumoencephalography (PEG) was set. In this process draining the cerebrospinal 

fluid (CSF) occur from around the brain and replacing it with air, altering the relative 

density of the brain and its surroundings, to create it to show up better on an x-ray which 

it was too unsafe for patients. In 1887, Nikola Tesla discovered the Rotating Magnetic 

Field. In 1937, Professor Isidor I. Rabi observed the quantum phenomenon dubbed nuclear 

magnetic resonance (NMR). A form of MRI and computed tomography (CT) were 

developed in the 1970s and 1980s. In 1971, Raymond Damadian discovered that hydrogen 

signal in a tumor is different from that of healthy tissue because tumors contain more water. 

In 1971, Paul Christian Lauterbur described the first NMR image and published in 1973 

(Lauterbur and Sir Peter Mansfield received the Nobel Prize for physiology and medicine 

for their work on MRI in 2003) (Becker, 2007; Filler, 2009; Morris, 2017). In 1975, Mike 
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Goldsmith cobbled a wearable antenna coil to monitor the hydrogen broadcast detected by 

the coil. In 1977, Raymond Damadian made the first human scan as the first MRI prototype, 

which is used quite regularly these days (Figure 2.4).  

 

In 1983, Ljunggren and Tweig introduced k-space. In 1986, Le Bihan described diffusion-

weighted imaging (DWI). In 1991, Filler and colleagues, described imaging of axonal 

transport of supermagnetic metal oxide particles and finally in 1993, introduced the 

functional MR imaging of the brain since then it has been gaining more and more 

importance. 

 

 
Figure 2.3: A historical overview of some of major events and personalities that associated 

with the development of human neuroimaging techniques (Raichle, 2009). 
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Figure 2.4: Dr Damadian with the history-making prototype of his MRI scanner. This 
prototype is now on permanent display at the Smithsonian Institution's Hall of Medical 
Sciences. 
 
 
 

2.1.1.2. physical principles of MRI 
 

To describe the general principles of MRI, we follow main textbooks such as Huettel et 

al., 2008; Plewes and Kucharczyk, 2012.  

MRI is an application of Nuclear magnetic resonance (NMR), which describes a physical 

phenomenon. This technology is based on the fact that atomic nuclei absorb and re-emit 

electromagnetic radiation when brought into a magnetic field. Nucleons with a spin 

unequal to zero behave like little magnets. The main nucleon for imaging process is 1H.  

This nucleon is one of the key elements found in the human body; however, 13C, 31P, 23Na 

or 19F, are used. An element is suitable for MR imaging when number of neutrons or protons 

of the element be odd (exhibits a spin unequal to zero) for this reason we focused on 1H. 

We could describe this easily because it only consists of a single proton, but descriptions 

will hold for all elements. 
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The proton of the 1H has a positive charge, and because of thermal effects, this proton 

rotates around its axis like a spinning top. Other than a spinning top, it cannot be stopped 

nor can it be accelerated.   
 

2.1.2.1 Magnetic properties of the atomic nucleus 
 

Each nucleus possesses a kinetic momentum J, related to its spin I; J= h Ῑ 

The quantifiable values of the projection of the kinetic momentum in a random direction 

consider as the z-axis, hence Jz=h I, h (I −1), h (I −2),..., −h (I −2), −h (I −1), −h I. The 

rotation produces a magnetic moment μ by current and a magnetic field. All nuclei for MRI 

have a magnetic moment μ and an angular momentum J. Both are proportional to each 

other given by a constant γ (is called the gyromagnetic ratio). Finally, according to the 

following equation, one able to assign a magnetic moment to the nucleus. γ does not depend 

on any external condition such as pressure or temperature, because it is a constant. This 

constant is unique for each element, and its unit is radian per second and Tesla. Table 2.1 

contains the gyromagnetic ratios for some of the most used element in the more commonly 

used unit of Mega Hertz per Tesla.  

 

The application of an external magnetic field to the hydrogen nuclei (protons) leads to parallel 

(with the field) and anti-parallel (align against the field) alignment to the external magnetic 

field. The parallel, as well as the anti-parallel state, are equilibrium states. The parallel state is 

the low energy state, and the anti-parallel is the high energy state which they have a difference 

in energy (ΔE) proportional to the magnetic field strength (B0), gyromagnetic ratio (γ), and 

Planck constant (h) (Figure 2.5): 

 

ΔE = γ * B0 * h / (2 * π) 
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Figure 2.5: Align parallel and anti-parallel to the magnetic field and difference in energy 

state (Huettel et al., 2008). 

 

When a nucleon with a spin unequal to zero is brought into a magnetic field, it tries to realign 

in a parallel or anti-parallel direction to the outer magnetic field. A nucleon parallel to the outer 

magnetic field B0 can be compared to a gyroscope in the Earth's gravitational field g, where a 

gyroscope is hanging from a vertical pivot. The proton also has an angular momentum; hence 

it starts precessing with an angular velocity ω around the axis of B0 and the same effect can 

occur if the gyroscope is slightly disturbed. It would also start to precess with ω around the 

outer axis of g. The frequency of this secondary spin or wobble (precession) is proportional 

to B0 and to γ, which is, unique to each element. This is summed up in the so-called Larmor 

Equation with ν being the Larmor frequency in Mega Hertz, B0 in Tesla and γ in Mega 

Hertz per Tesla. Table 2.1 consist of some values ν of common elements. 

 

Table 2.1: Gyromagnetic ratios for some commonly measured or imaged isotopes and 

Larmor frequencies of different elements at different outer magnetic fields. 

Element  Gyromagnetic ratio 
(γ) [MHz/T] 

ν for B0=1T 
[MHz]  
 

ν for 
B0=1.5T 

[MHz] 

ν for 
B0=3T 

[MHz] 

Hydrogen 1H  42.58 6.78 10.17 20.34 
Deuterium2H  6.53 1.04 1.56 3.12 
Fluorine 19F  2.627 0.42 0.63 1.26 
Sodium 23Na  11.27 1.79 2.69 5.37 
Phosphorous31P  1.131 0.18 0.27 0.54 
Oxygen  17O  -5.7 -0.92 -1.38 -2.75 
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When a sample of several protons is brought into an outer magnetic field B0, most of the 

protons will align parallel, and some will align anti-parallel to B0. One might think that 

difference between the parallel and anti-parallel aligned protons is huge, but it is rather 

small, i.e., just about one out of 100000 protons do not cancel out with another proton in 

anti-parallel state. This one out of 100000 then contributes to the MRI signal. However, 

this leads to a net magnetization. Summing up all these protons that do not cancel out can 

be illustrated as one magnetization vector processing around B0. 

A pair of receiver coils are used to measure the precession magnetization (Figure 2.6). Both 

of them are connected to amplifiers that are adjusted to the Larmor frequency. The 

magnetic field varies due to the precession of the nucleons; hence, a current is induced into 

the coils. This magnetization is known as “transverse” component as opposed to the 

“longitudinal” component. Two coils are used so that the direction of rotation, as well as 

the angle, can be determined at any time. 

 

 
 

Figure 2.6: Two receiver coils for detecting the precessing magnetization which rotating 

magnetization persuade a signal that swings at frequency ω via an amplified tuned coil 

(Huettel et al., 2008). 

 

 

When the sample exposed to radiation with its ν, the net magnetization (M) is flipped by a 

flip angle (also called tip angle), e.g., of 90 °. After turning off the excitation, which is, in 
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general, a radio frequency pulse, the atoms start to align again with B0. This realignment 

can be measured via free induction decay, which describes the radio frequency signal, 

which is now emitted by the atoms when spinning back to their original aligned position. 

This is referred to as “relaxation” and is of different duration depending on the tissue. Thus, 

this difference can be used for imaging purposes. Up to now, we assumed that the 

magnetization is spatially homogeneous. Even with a great magnet, this is an unrealistic 

assumption. Hence, the magnetization toward the tissue is heterogeneous. This means that 

different spins precess with different ν. using a rotating frame of reference with a rotation 

of the average of all spin rotations for description, we find that the magnetization vectors 

fan out in the transverse plane and hence, lose their alignment. This also leads to a decrease 

in the net magnetization and thus, a drop in the signal. This mechanism has a time constant 

T2* of the time when the signal drops to 1/e of its original value. The inhomogeneities 

have different origins. Some are intrinsic, whereas others are extrinsic. The extrinsic 

inhomogeneities result from the magnet and its imperfection which can be accounted for 

by a constant T2'. In contrast to that, intrinsic factors are contributing to T2*. The spins 

that are excited together affect each other. Hence some precess faster, and some are slowed 

down. This is characterized by constant T2 (Figure 2.7). For all these constants can be 

shown as: 

 

   

 

 

 

 

  

 

 

 

Thus, the T2* decay is always faster or equal to the T2 decay. This T2 relaxation is also 

called spin-spin relaxation or transverse relaxation and T1 relaxation, which is called spin-

 

1𝑇2∗ = 1𝑇2′ + 1𝑇2 

Figure 2.7: Random mechanisms are responsible for decay 
characterized by T2 while the addition of static field 
variations leads to faster signal loss as characterized by 
T2* 
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lattice relaxation or longitudinal relaxation. T1 describes how the excited spins return to 

their lower energy state – most parallel to the outer magnetic field (Figure 2.8). 

Shortening of proton relaxation times is key determinates of signals and contrast in MRI. 

Relaxation time can be used to clinical determinants and differentiate a range of 

pathologies. Early in the history of MRI technology, many scientists indicated that 

neoplasms tend to exhibit longer relaxation times than their corresponding normal host 

tissues.  Hence, this result stimulated initial interest in the hypostasis of detecting cancer. 

Consequently, the development of MRI become one of the main goals because it can be 

used to catalogue the relaxation times of different biological tissues. In Table 2.2 presented 

a list of some crucial tissues and their corresponding T2 values measured at 1.5 T. As you 

can see in this table, for most of the biological tissues T2 times are on the order of 10–100 

msec and the other hand there is remarkable variation in T2 for the different tissues. 

 

 
Figure 2.8: a) T1 = time constant of how quickly the protons realign with magnetic field, 

b) T2 = time constant of how quickly the protons emit energy when recovering to 

equilibrium. 

 

 

Cerebrospinal fluid (CSF) shows the largest value, while blood presents a range of values 

which is depend on its oxygenation status. Although, it should be pointed out that these 

values are entirely considerable when viewed with regard to the loss of synchronization of 

the magnetization vectors. It proposes that over ≈0.1 seconds, the magnetization vectors 

throughout the tissue precess in significant-close synchrony which is means, when placed 
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in a static magnetic field of 3 T the magnetization vectors will complete ≈10 million 

rotations before they begin to show evidence of substantial misalignment. 

 

Table 2.2: some of the most important tissue and their relaxation times T1 and T2 for a 

magnetic field strength of 1.5 Tesla. 

Tissue T1 (msec) 1.5T T2 (msec) 
Liver 500 40 
Fat 250 60 
Muscle  900 50 
Cerebrospinal fluid (CSF)  4500 2200 
White matter  600 80 
Blood  ∼1400 ∼180‐250 
Grey matter 950 100 

 

2.1.1.3. Encoding techniques for MRI and spatial localization 
What is unique to MRI as remarkable imaging technology in medicine, is that the entire 

object creates the signal; hence, some form of spatial encoding is needed to identify the 

origin location of the signal which is done by nonuniform magnetic fields. The spin 

locations are encoded in the different ν values. A key task of defining the 3D distribution 

of image brightness throughout an object is selective excitation. Figure 2.9 illustrates the 

combination of NMR, magnetic field gradient, and a bandpass filtered radio frequency 

excitation pulse. In order to get an axial image of a specific region (the shaded area in 

Figure 2.9 a) the first step is to apply a field gradient in the z-direction (the direction of 

B0). These results in a ν of the atoms which is dependent on location in the z-direction. The 

shaded part consists of ν values from f1 to f2 (Figure 2.9 b). Then a radio frequency pulse, 

which is bandpass filtered to f1 to f2, is applied (Figure 2.9 c). After turning off the radio 

frequency pulse, a transverse magnetization remains in the desired area, whereas the other 

areas (the not shaded ones) are not changed (Figure 2.9 d). Now, what remains is to signal 

encoding with a slice. The two missing steps are the so-called frequency encoding and the 

phase encoding. The phase encoding step (often using Gy-gradient fields) is the one that is 

performed first. By applying it, the protons start to precess at different frequencies (Figure 

2.10). 
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Figure 2.9: The process of selective excitation: a) the shaded area is transversely 

magnetized. b) A field gradient in the z-direction is applied which results in a location 

dependent field and Larmor frequency between f1 and f2 c) a bandpass filtered radio 

frequency pulse from f1 to f2 is applied d) just the protons in the shaded area are excited. 

(Plewes and Kucharczyk, 2012). 

 

Hence, after some time, protons are not in phase anymore, which can, later on, be used for 

encoding. The last step is the frequency encoding, which is also a spatial gradient (often 

using Gx-gradient fields). It is simultaneously applied during signal acquisition. The name 

frequency encoding is since this gradient changes the frequencies of the protons which, by 

that time, are already phase shifted. Thus, now we have a 3-dimensional encoding of the 

space. 
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Figure 2.10: Signal encoding with a slice. a) Selective excitation of a slice (often using 

Gz -gradient fields), b) phase encoding (halfway between excitation and read-out of 

antenna signals), c) frequency encoding (during read-out of antenna signals). 

 

2.1.2. FMRI and its physiological basis 
In this session we follow the descriptions of Uludag et al., 2015 chapter 8 and Huettel et 

al., 2008 chapter 7. 

During the last century, many innovations in medicine combined with chemistry and 

physics allowed a deeper understand of organization and functionality of the brain which 

one of the newest of these methods is functional magnetic resonance imaging (fMRI). This 

technique compared to other, achieves a high spatial resolution of about 1mm. Figure 2.11 

shows different views of the human brain obtained with MR imaging techniques. 

 
Figure 2.11: two images of the human brain a) an anatomical T1-weighted MR image, b) 

a functional T*
2 -weighted MR image.  
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FMRI has been used to study connectivity between brain areas in this way. In a typical 

fMRI, neural correlates of a given task are evaluated by comparing associated activations 

and/or deactivations with those elicited by a control task and accordingly the temporal 

behavior of the areas will represent by the first PCA component of the region. 

For the first time the possibility of measuring physiological activity of the brain indirectly 

using BOLD contrast was described by Ogawa (Ogawa et al., 1990). These days there has 

been a lot of progress in fMRI – not only in aspect of hardware and software but also in 

analysis tools. Nowadays BOLD used as main contrast to record fMRI, however it does 

not measure neural activity itself but rather a series of indirect effects, i.e., it measures 

changes of magnetic properties of water which reflect changes of deoxygenated 

hemoglobin (dHb) content. BOLD is an endogeneous contrast and as such does not have 

the same problems as exogeneous contrasts sometimes face. In order to measure the BOLD 

contrast, one has to consider the oxygenation supply of the brain. Hemoglobin is what 

transports oxygen through the body.  

 

Linus Carl Pauling and his student Charles DuBois Coryell studied hemoglobin in 1936 

and made some interesting discoveries, namely oxygenated and deoxygenated hemoglobin 

have different magnetic properties (Dunitz, 1996; Times, 1971). Thus, oxygenated 

hemoglobin means hemoglobin saturated with oxygen is diamagnetic and has a sensitivity 

similar to the one of tissue whereas dHB -hemoglobin with no bound oxygen- is 

paramagnetic, which is mean, it distorts surrounding areas magnetic. Hence, the protons in 

the vicinity are exposed to different field strength during the MRI measurement which 

results in different precessing frequencies. T2* sensitive pulse sequences indicate more 

signals in an area with highly oxygenated blood in comparison to an area with 

deoxygenated blood. 

When a brain region is active in that region the tissue energy demand will increase which 

leads to an increase of the inflow of oxygenated blood. However, the oxygenation demand 

is overcompensated and this point leads to a local change in the magnetic field. The 

increase in oxygenation accordingly causes an increase of the signal from the region. There 

are three main sources for measuring a BOLD signal: 
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1- cerebral blood flow (CBF) 

2- cerebral metabolic rate of oxygenation consumption (CMRO2)  

3- the cerebral blood volume (CBV)  

 

Figure 2.12 gives a schematic view of physiological and physical processes for fMRI 

measurement. This figure shows, how the different parts have complex interaction together. 

All neural events, -for examples action potentials or synaptic activities- need oxygen which 

is measured in the cerebral metabolic rate of glucose consumption. On the other hand, an 

increase of neural response leads to an increase in CBF. This blood inflow has an effect on 

the CBV, the dHb, and the blood outflow of the specific area, i.e., the CBV and blood 

outflow increase with the inflow whereas the dHb decreases. The blood outflow has an 

influence on the dHb and the CBV which both affect the BOLD response. 

 

 
 

Figure 2.12: a schematic view of physiological and physical processes for fMRI 

measurement. Arrows show the direction of interaction. On the left-hand side you can see 

two neurons that try to make a balance between excitation and inhibition. On the right-

hand side a blood vessel with different influences indicated. As we mentioned upper the 

neural response has an influence on the blood inflow which accordingly influences the 

deoxy-Hb, the CBV, and the CBF. This events finally have a direct or indirect effect on the 

BOLD response. 
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One of the most pressing issues we face about BOLD, is that underlying different changes, 

BOLD signals can be quite similar. If the CBF rises also the blood oxygenation rises and 

hence a bigger signal intensity is observed. The opposite holds for CMRO2, i.e., if the 

CMRO2 increases, the blood oxygenation and hence the signal intensity decreases. 

Considering CBV both of the following can hold: if it increases, the blood oxygenation can 

increase or decrease. The change in signal refer to a hemodynamic response which has a 

time variation given by the hemodynamic response function (HRF). Some studies have 

reported an initial dip, i.e., a short-term decrease in the signal. Figure 2.13 shows the initial 

dip for different events of very short duration. However, the initial dip is not easy to detect 

(has in a duration of 1 or 2 seconds) especially in not so high field strength and it seems 

that the initial dip scales with field strength. Hence, it was reported that the initial dip at 

1.5 T was just one third of the proportion magnitude measured in 4 T experiments. It seems 

that the initial dip results from small vessels which are more sensitive to field strength. 

Nevertheless, the initial dip is not fully understood up to now and needs further 

investigation. After the initial dip the HRF rises to its peak at around 4 to 6 seconds after 

the stimulus onset. This rise is due to the inflow of oxygenated blood and a hyper 

compensation of the used oxygen.  

If the stimulus has a longer duration, i.e., the neuronal activity lasts longer, the HRF reaches 

some plateau which is slightly below the peak of the function. After the stimulus and the 

neuronal activity stop the HRF experiences some undershoot. There are different 

explanations for this undershoot. 

 

Below we present 3 explanations of the most credible ones: 

1- Balloon or Windkessel model: The dHb content is evaluated due to higher CBV, 

i.e., the CBV returns slower to baseline than CBF (Buxton et al., 1998; Mandeville 

et al., 1999, 1998). 

2- Less oxygenated hemoglobin: CBF sinks under the baseline after the stimulus 

stops. This might be due to neuronal inhibition or other unbalanced excitation-

inhibition activity after the stimulus (Logothetis et al., 2001; Uludağ et al., 2004). 
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3- Sustained oxygen consumption: More dHb is produced because the oxygen 

consumption goes on after the stimulus stopped. Thus, CBF recovers before 

CMRO2 does (Frahm et al., 1996; Lu et al., 2004). It is worth mentioning that these 

three causes do not exclude each other but rather cause the under shoot all together. 

 

 

 
Figure 2.13: fMRI courses for single events of very short duration showing the initial dip 

at a field strength of 3 Tesla (Uludag et al., 2015). 

 

2.1.3. FMRI correlates of neuronal connectivity 
In neuronal connectivity studies, one has to distinguish between two types of connectivity  

1) One that can be directly inferred from the data which is referred to as functional 

connectivity and, due to Friston, reflects the “temporal correlations between remote 

neurophysiological events” (Friston 1993 and 1994) 

2) The other underlying and causing the data which is denoted as effective 

connectivity and represents “the influence one neural system exerts over another” 

(Friston 1994). Obviously the analysis of effective connectivity is more difficult 

than the analysis of functional connectivity.  



23 
 

On the basis of fMRI data, neuronal connectivity can be analyzed on several spatial levels 

for example, assay the connectivity between single voxels or larger parts of the brain, or 

even between patterns extending across the whole brain and a point of interest could be the 

causal relationship between the considered brain regions. However, existing approaches to 

study connectivity only reflect- but are not identical to - underlying physiological causal 

interactions. For any effective connection, the question emerges, if one area inhibits or 

excites afterward to which direction information travels. In particular, if an activation 

increase which is lead to higher neuronal activation / BOLD in one area goes along with 

an increase or decrease inside another area and also how strong these influences are. An 

increase in BOLD activity does not necessarily imply an increase in neuronal activity. On 

the other hand, an excitation on the BOLD level may be caused by an inhibition on the 

neuronal level. Nearly all connectivity analysis methods give a measure of connection 

strength. In table 3.1 we present and compare some common methods to study neuronal 

connectivity with fMRI data.  

 

Table 2.3: an overview of some technique to investigate neuronal connectivity with fMRI 

data. The last column indicates which of the methods explicitly include a model for the 

HRF response. Marks in brackets (X) indicate that a derivative of the method can be used 

to study this connectivity property. 

Method Intensity Direction Partial HRF 

Pearson’s correlation X    

mutual information X X    

(PS) Granger causality (X) X (X)  

(PD) coherency X (X) (X)  

SEM X X X  

DCM X X X X 

RPC X X   
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2.2. Experimental design and data analysis for fMRI 
Chein and Schneider indicated developing successful fMRI experiments need accurate 

consideration to 3 issues:  

o Experimental design 

o Data acquisition techniques 

o Data analysis 

Experimental design is the heart of any cognitive neuroscience studies because fMRI 

BOLD data is not an absolute measure of neuronal activity hence, a great experimental 

design can provide the opportunity to statistically contrast the neuronal activity with 

interest condition. The main goal of fMRI data analysis is Localization, the process of 

localize specific brain functions caused by some stimuli, e.g., sensory motor or cognitive 

stimuli which is often referred to as ‘brain mapping’. Brain mapping not an easy task 

because of some reason, first; the amplitude change of the BOLD signal is as low as 1-5% 

of the MRI signal, second; during this process there are many confounding effects, such as 

head movement or signal drifts, hence, a lot of mathematical and computational methods 

are needed to find the right regions. In this chapter will be described different methods to 

brain mapping. Today, the state-of-the-art scanner operates with 3 Tesla. Most fMRI use 

echo planar imaging (EPI) with a matrix of 64x64 voxels and 40 slices. Repetition time 

(TR) is the time between the scan of one voxel to the next scan of the same voxel which is 

gives the temporal resolution of the fMRI. According a standard protocol scan the whole 

brain takes a few seconds and this image referred to as functional image and finally several 

functional images scanned uninterrupted are referred to as run. In general, it is said to best 

‘acquire the data perpendicular to the longest axis of the structure of interest.’ (Amaro and 

Barker, 2006) p. 8. In addition, these functional runs, a T1 weighted MRI, which has a great 

white-gray matter contrast with a resolution close to 1 mm3, is acquired. Principally, this 

image is used for visualization but can also serve for restricting the statistical data to 

cortical voxels. Here we need to define paradigm design in fMRI. A paradigm is 

‘construction, temporal organization structure, and behavioral predictions of cognitive 

tasks executed by the subject during an fMRI experiment.’ (Amaro and Barker, 2006) p. 4. 

This is the most important part when design an fMRI experiment and need to be addressed 

in the beginning.  
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2.2.1. Different methods of paradigm design in fMRI 
The main aim of fMRI paradigms is to optimise the sensitivity and selectivity for the 

interest cognitive process. During design an experimental protocol should be careful 

cognitive processes irrelevant not be evoked or at least successfully be excluded during the 

next data analysis.  

Up to now 4 strategies are known to fMRI paradigms, nevertheless, all of these four 

approaches can, and in general are, combined; 

o Subtraction approach  

o Factorial approach  

o Parametric approach 

o Conjunction approach 

An overview of all four different methods can be found in Figure 2.14. The first and most 

classical way is called “Subtraction approach”. According to the definition provided by 

Friston and his colleagues in this approach two images (one with a control condition and 

the other with the active condition) are subtracted from each other (Friston et al., 1996). 

Such an approach assumes that two conditions can be added and do not interact among 

each other, an assumption which does not hold true in general. Nevertheless, it is useful as 

simple model of the BOLD response and moreover, gives robust and reproducible results 

(Friston et al., 1999).  

 
 

Figure 2.14: Overview of the different 
experimental strategies.  
Subtraction, The conditions A and B do not 
interfere with each other.  
Factorial, allows to test for interactions 
between conditions A and B.  
Parametric, Showing two main tasks A and 
B with one task, A, changing the level of 
difficulty from easy A1 to most difficult A3.  
Conjunction, Where always two or more 
conditions, i.e., a combination of A, B, C, 
and D, are present at the same time and 
commonalities are searched for. (Amaro 
and Barker, 2006) 
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The next approach is the so-called “Factorial approach” which is very useful to investigate 

cognitive interactions (Gurd et al., 2002). Conversely the subtraction approach, this 

approach allows to test for interactions of components (Friston et al., 1996). The idea 

behind this is to test the components separated but also mixed in the paradigm and 

underlying principle is linearity of the BOLD response from different conditions. The next 

one is the “Parametric approach” which can be used for tasks with different levels of 

difficulty however, this strategy is very interesting in theory but it is hard to perform in 

practice. Thus, the underlying idea is to increase the cognitive demand without changing 

the nature of the task.  

 

 

The approach is that the increase of the cognitive demand would also increase the BOLD 

(Büchel et al., 1998). The most important problem in this approach is challenge to increase 

one parameter without using other cognitive processes. The last method of fMRI paradigms 

is called “Conjunction approach”. This method is similar to the factorial, but just involves 

two or more conditions at the same time, i.e., no stimulus is tested by itself but always at 

least paired with one other stimulus (Bremmer et al., 2001). The difference between this 

approach with other is that it searches for commonalities rather than difference in tasks, 

i.e., it tries to find the common pattern of the BOLD response given by the different stimuli 

(Friston et al., 1999). 

 
2.2.2. Event-related and block design of stimuli 

Typically, the fMRI experiments design falls under two categories:  

(i) Block design: To make clear the real response will use interleaved and 

equitemporal blocks of activity and rest.  

(ii) Event-related design: To establish neurobehavioral tasks, since it provides a 

subjective response to the stimuli being presented. 

(iii) Mixed design: To investigate which neural activations are maintained and 

which are transient neural activations during paradigm performance. 
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Figure 2.15 shown different types of stimuli. Block design refers to a stimulus presentation 

that is clustered together in blocks and these blocks, of several seconds up to minutes, are 

repeated after an inter block interval. This design together with the subtraction approach 

has dominated in the beginning of the fMRI years because of the simple fact that it was 

applied in PET and thus, people were familiar with it. Despite all of the drawbacks and 

criticism, it is still very common. This is mainly because of its robustness, increased 

statistical power and large BOLD signal changes (Buxton et al., 1998; Friston et al., 1999).  

 

 
 

Event-related design method describes stimuli which are of very short duration and just 

occur once in a while. The key privilege of this type of stimulus is that it makes use of the 

higher temporal resolution fMRI has in comparison to PET. It is even possible to detect 

transient variations in the HRF. Another point is different brain areas associated with the 

same stimulus may have different HRF (Kruggel and von Cramon, 1999). Moreover, using 

this event design it is also possible to analyze results of individual trials and hence maybe 

find out errors in challenging tasks (Braver et al., 2001; Kiehl et al., 2000; Schacter et al., 

1997). What is also important is that event-related design is less sensitive to head motion 

(Birn et al., 1999; Huang et al., 2002). In general, this design type has a minimal 

interstimulus duration of the time of the HRF. This can be overcome by so-called rapid 

event-related MRI. The main problem with this technique is issue of linearity or non-

linearity of the BOLD interaction in overlapping HRFs (Friston et al., 1998b; Glover, 1999; 

Hinrichs et al., 2000). What is best for all these designs is always to keep the interstimulus 

Figure 2.15: (a) Block design scheme with;  
 
activity condition (A)  
control condition (B) 
 
In this example the presentation of activity 
and control conditions have the same 
duration.  
(b) Event-related design with different 
spacing of events. 
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interval different so that the subject cannot predict when the next stimulus comes and pays 

more attention to the experiment. 

The last type is mixed design which is a combination of blocks which consist of single 

events. It helps to investigate which neural activations are maintained and which are 

transient neural activations during paradigm performance (Donaldson et al., 2001; Otten et 

al., 2002). Nonetheless, it has the huge drawback that the HRF shape cannot be estimated 

that well. Block designs as well as event-related designs have advantages and 

disadvantages and it depends on the specific research question which one is most suitable 

for the experiment. The main advantage of event-related over block designs is that there 

are no adaptation effects. Nevertheless, one has to keep in mind that the response function 

has a delay of several seconds. Hence, the individual trials should be separated by at least 

that interval in order to prevent overlaps. Otherwise, complex mathematical methods need 

to be applied to separate the overlaid signals. As a general rule, it holds that if one wants 

to optimize detection power it is better to use a block design whereas an event-related 

design is better for estimation efficiency. Nevertheless, a substantial problem remains, 

namely that the measured brain activity is not an absolute quantity and hence quantitative 

interpretation is difficult. Thus, most fMRI experiments also record a baseline. Having such 

a baseline gives a control condition to which changes in BOLD can be compared. 

 

2.3. A brief history, clinical effect, measuring method and display of 
DTI 

The brain contains more than 100 billion neurons that communicate with each other via 

axons for the formation of complex neural networks. The structural mapping of such 

networks during health and disease states is essential for understanding brain function.  

 

 

However, our understanding of brain structural connectivity is surprisingly limited, due in 

part to the lack of noninvasive methodologies to study axonal anatomy. The diffusion 

tensor image proposed as an MRI-based neuroimaging technique by Peter Basser in 1994 

which measure macroscopic axonal organization in nervous system tissues. Prior to the 

introduction of the diffusion tensor model, to measure anisotropic diffusion the orientation 
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of the axons in a tissue sample had to be known, so only fixed samples such as the axon of 

the giant squid could be scanned (Beaulieu et al., 1994). The introduction of the diffusion 

tensor model allowed, for the first time, a rotationally invariant description of the shape of 

water diffusion. The invariance to rotation was crucial because it enabled application of 

the DTI method to the complex anatomy of the fiber tracts in the human brain (Pierpaoli 

et., 1996). Note however, that the diffusion tensor is not able to fully describe crossing of 

the fiber tracts (Wiegell et al., 2000; Tuch et al., 2002). 

DTI is a sensitive probe of cellular structure that works by measuring the diffusion of water 

molecules. The measured quantity is the diffusivity or diffusion coefficient, a 

proportionality constant that relates diffusive flux to a concentration gradient (Le Bihan 

et., 1995) and has units of mm2/s. Unlike the diffusion1 in a glass of pure water, which 

would be the same in all directions (isotropic), the diffusion measured in tissue varies with 

direction (is anisotropic). The measured macroscopic diffusion anisotropy is due to 

microscopic tissue heterogeneity (Basser et al., 1994). In the white matter of the brain, 

diffusion anisotropy is primarily caused by cellular membranes, with some contribution 

from myelination and the packing of the axons (Beaulieu., 2001; Sen Pabitra and Basser., 

2005; Pierpaoli et al., 1996). Anisotropic diffusion can indicate the underlying tissue 

orientation. The diffusion tensor (DT) describes the diffusion of water molecules using a 

Gaussian model. Technically, it is proportional to the covariance matrix of a three-

dimensional Gaussian distribution that models the displacements of the molecules.  

To measure diffusion using MRI, magnetic field gradients are employed to create an image 

that is sensitized to diffusion in a particular direction. By repeating this process of diffusion 

weighting in multiple directions, a three-dimensional diffusion model (the tensor) can be 

estimated. In simplified terms, diffusion imaging works by introducing extra gradient 

pulses whose effect “cancels out” for stationary water molecules, and causes a random 

phase shift for molecules that diffuse. Due to their random phase, signal from diffusing 

molecules is lost. This loss of signal creates darker voxels (volumetric pixels). This means 

that white matter fiber tracts parallel to the gradient direction will appear dark in the 

diffusion-weighted image for that direction (Figure 2.16).  
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Figure 2.16: Six diffusion-weighted images (the minimum number required for tensor 

calculation). In diffusion MRI, magnetic field gradients are employed to sensitize the image 

to diffusion in a particular direction. The direction is different for each image, resulting in 

a different pattern of signal loss (dark areas) due to anisotropic diffusion. 

 

Next, the decreased signal (Sk) is compared to the original signal (S0) to calculate the 

diffusion tensor (D) by solving the Stejskal-Tanner equation (see below) (Basser., 1995). 

This equation describes how the signal intensity at each voxel decreases in the presence of 

Gaussian diffusion: 

 

Sk=S0e−bgˆT
k
Dgˆ

k. 
 

Here S0 is the original image intensity at the voxel (measured with no diffusion-sensitizing 

gradient) and Sk is the intensity measured after the application of the kth diffusion-

sensitizing gradient in the (unit) direction ĝk. The product gˆT
kDgˆk represents the diffusion 

coefficient (diffusivity) in direction ĝk. Note that because the entire set of diffusion-

weighted images is used (giving many values for Sk and ĝk), this is actually a system of 

equations that is solved for D, the diffusion tensor. In order to calculate the 6 independent 

numbers in the 3×3 symmetric matrix D, at least 7 images are needed: 6 diffusion-weighted 
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images from 6 gradient directions (giving 6 values for Sk) plus one baseline image (giving 

S0). But in clinical research today a higher number of images are almost always used. The 

above system of equations can be solved via the least squares method at each voxel. The 

equation also contains b, LeBihan’s factor describing the pulse sequence, gradient strength, 

and physical constants (LeBihan., 1991).  

 

The b-factor is near 200 s/mm2 for the image S0 which is T2-weighted, and the b-factor is 

near 1,000 s/mm2 for the diffusion-weighted images Sk in DTI. For rectangular gradient 

pulses the b-factor is defined by  

b=γ2δ2(Δ−δ/3)∣g∣2, 

Where γ is the proton gyromagnetic ratio (42 MHz/Tesla), ∣g∣ is the strength of the diffusion 

sensitizing gradient pulses, δ is the duration of the diffusion gradient pulses, and Δ is the 

time between diffusion gradient RF pulses (Le Bihan et al., 2001). 

DTI is usually displayed by either condensing the information contained in the tensor into 

one number (a scalar), or into 4 numbers (to give an R,G,B color and a brightness value). 

The diffusion tensor can also be viewed using glyphs, which are small 3D representations 

of the major eigenvector or whole tensor. Finally, DTI is often viewed by estimating the 

course of white matter tracts through the brain via a process called tractography. The most 

common approach is streamline tractography (Figure 2.17), which is closely related to an 

earlier method for visualization of tensor fields known as hyperstreamlines. This method 

produces as output discrete curves or trajectories that are also called “tracts,” “fibers,” 

“traces,” etc. The streamline tract-tracing approach works by successively stepping in the 

direction of the principal eigenvector (the direction of fastest diffusion). The eigenvectors 

are thus tangent to the trajectory that is produced. A fixed step size of one millimeter or 

less (smaller than a voxel) is generally used for DTI data. 
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Figure 2.17: Example whole-brain streamline DTI tractography. Colors were assigned 

automatically according to an atlas-based tractography segmentation method 

(O’Donnell and Westin., 2007). 

 

 

 

2.4. Dynamic causal modeling (DCM) 

Dynamic causal modeling (DCM) as a generic Bayesian framework was introduced in 

2003 for fMRI to infer hidden neuronal states from measurements of brain activity by 

Karl Friston, Lee Harrison and Will Penny. Since its original publication many studies 

have applied DCM (e.g Ramnani et al., 2004; Bitan et al., 2005; Lee et al., 2006; Fairhall 

and Ishai., 2007; Stephan et al., 2007; Eickhoff et al., 2009).  

DCM studies typically involve the following five stages: 

1- Experimental design which is mean some specific hypotheses will formulate then 

an experiment will conduct. On the other hand, usually functional neuroimaging 

experiments are based on; 

o Task-based experiments; in this experiments, brain responses are evoked by 

experimentally controlled stimuli as input. These experimental variables 
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can change neural activity via direct effects on specific brain regions for 

example via evoked potentials in the early visual cortex, or a modulation of 

coupling among neural populations. 

o Examine brain activity at resting state. This experiments have no 

experimental manipulations within the period of the neuroimaging 

recording. Instead, hypotheses are tested about the coupling of endogenous 

fluctuations in neuronal activity, or in the differences in connectivity 

between sessions or subjects. 

 

2- The next step is data preparation, which is mean the acquired data will have pre-

processed it could be include select relevant features and remove confounds. 

3- After data preparation we need to perform model specification. Generally, all 

models in DCM experiments have the following basic formula: 

 Ż = 𝑓 (𝑧, 𝑢, 𝜃(𝑛))            𝑑𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑠 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑛𝑒𝑢𝑟𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑦 = 𝑔 (𝑧, 𝜃(ℎ)) + 𝜖            𝑑𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑠 𝑡ℎ𝑒 𝑛𝑒𝑢𝑟𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑡𝑢𝑟𝑛 𝑐𝑎𝑢𝑠𝑒𝑠 

 

Ż (z with respect to time); cannot be directly observed using non-invasive 

functional imaging modalities.  

f  is a neural function which is with parameters 𝜃(𝑛) and u (experimental inputs) 

controls the evolution of neural activity over time. The neural activity in turn causes 

the time series y (second equality), which are generated via an observation function 

g with parameters 𝜃(ℎ) Additive observation noise ϵ completes the observation 

model. Usually, the neural parameters 𝜃(𝑛) are of key interest, which for example 

represent connection strengths that may change under different experimental 

conditions. 

Specifying a DCM requires selecting a neural model f and observation model g and 

setting appropriate priors over the parameters; e.g. selecting which connections 

should be switched on or off. 

4- Model estimation which is mean the models are fitted to the data to determine their 

evidence and parameters. 

https://en.wikipedia.org/wiki/Prior_probability
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5- Generally, as last step is model comparison. The evidence for each model is used 

for Bayesian Model Comparison (at the single-subject level or at the group level) 

to select the best model(s). Bayesian model averaging (BMA) is used to compute a 

weighted average of parameter estimates over different models. 

 
 

DCM for fMRI uses a simple (deterministic) model of neural dynamics in a network or 

graph of n interacting brain regions or nodes (Friston et al. 2003). It models the change of 

a neuronal state-vector x in time, where each region is represented by a single hidden state, 

using the following bilinear differential equation: Ẋ = 𝑓(𝑥, 𝑢, 𝛳) = 𝐴𝑥 + ∑ 𝑢𝑗 𝐵(𝑗)𝑚
𝑗=1 𝑥 + 𝐶𝑢 

A = 𝜕𝑓𝜕𝑥 ||𝑢 = 0        𝑩 = 𝜕2𝑓𝜕𝑥𝜕𝑢                𝑪 = 𝜕𝑓𝜕𝑢 ||𝑥 = 0  
 

 

Where Ẋ=dx/dt. This equation, results from a bilinear Taylor approximation to any 

dynamic model of how changes in neuronal activity in one node xi are caused by activity 

in the others. More precisely, this bilinear form is the simplest low-order approximation 

that accounts both for endogenous and exogenous causes of system dynamics.  

o The matrix A represents the fixed (or Average) coupling among nodes in the 

absence of exogenous input u(t). This can be thought of as the latent coupling in 

the absence of experimental perturbations.  

o The B matrices are effectively the change in latent coupling induced by the j-th 

input. They encode context-sensitive changes in A or, equivalently, the modulation 

of coupling by experimental manipulations. Because B(j) are second-order 

derivatives they are referred to as Bilinear.  

o Finally, the matrix C embodies the influences of exogenous input that Cause 

perturbations of hidden states. The parameters θ⊃{A, B,C} are the connectivity or 

coupling matrices that we wish to identify. These define the functional architecture 

and interactions among brain regions at a neuronal level. Figure 2.18 summaries 

this bilinear state-equation and shows the model in graphical form. DCM for fMRI 
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does not account for conduction delays in either inputs or inter-regional influences. 

This is not necessary because, due to the large regional variability in hemodynamic 

response latencies, fMRI data do not contain enough temporal information to 

estimate inter-regional axonal conduction delays, which are typically in the order 

of 10-20 ms (Friston et al., 2003). 

 
Figure 2.18: (A) The bilinear state equation of DCM for fMRI. (B) An example of a DCM 

describing the dynamics in a simple hierarchical system of visual areas. This system 

consists of two areas, each represented by a single state variable (x1, x2). Black arrows 

represent connections, grey arrows represent exogenous inputs and thin dotted arrows 

indicate the transformation from neural states (blue color) into hemodynamic observations 

(red color); see this figure for the hemodynamic forward model. The state equation for this 

particular model is shown on the right. Adapted from (Stephan et al., 2007a).  

 

     2.5. FMRI signal analysis 
After this introduction to the different methods and challenges when measuring brain 

signals, we now turn to the signal analysis. This section follows standard books like 

(Huettel et al., 2008; Strother, 2006; Uludag et al., 2015). Setting up the right measurement 

protocol for fMRI is very challenging and so is its analysis. The signal of interest measured 

by fMRI is very low in comparison to the noise also contained in the signal. The analysis 

procedure now faces the problem of extracting exactly the signal of interest from the whole 



36 
 

signal, which contains also these huge amounts of noise. There are many steps needed to 

find the signal of interest. In the following an overview over some of these procedures is 

given. 

 

 

     2.5.1. Preprocessing 
Computational steps following the image reconstruction, but before the statistical analysis, 

are in general known as preprocessing. With the introduction of new high field scanners, 

not just images get better, but also artefacts get more pronounced. Hence, preprocessing 

and especially artefact removal gets more and more important. As mentioned before, a lot 

of preprocessing has to be done before the data of fMRI experiment can be analyzed. There 

are a lot of different preprocessing steps depending on what analysis is aimed for. All these 

steps are included in the most common software packages like Statistical Parametric 

Mapping (SPM, https://www.fil.ion.ucl.ac.uk/spm/), FMRIB software library (FSL, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), Analysis of Functional NeuroImages (AFNI, 

https://afni.nimh.nih.gov/), and BrainVoyager (https://www.brainvoyager.com/). 

 

    2.5.2.1. Quality control 
Before starting the whole preprocessing pipeline, it is crucial to perform an initial quality 

control check on the raw data. This includes, first of all, a visual inspection of the recorded 

data which can be done by using one of the common software packages mentioned in the 

last paragraph. This first visualization is important to get an overall impression of the 

quality of the scanned data and to check whether there are any major artefacts, e.g., scanner 

noise. Such an inspection is most easily done by visual inspection of a time-series movie. 

This is offered by most of the software packages mentioned above. The human visual 

system is good at finding changes between successive images. One example that might be 

detected during this step, is radiofrequency noise, which shows repetitive patterns on top 

of the data. On the other hand, head motion appears as a rapid jerk. Besides this visual 

inspection, also other computational initial quality assurance steps should be performed. 

These may include calculating the raw signal-to-noise ratio or the mean image intensity 

(Huettel et al., 2008). 

https://www.brainvoyager.com/
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Moreover, the image orientation should also be checked. The check for orientation is 

important because there are two main orientations used these days, namely the neurological 

and the radiological orientation. In the neurological orientation image left corresponds to 

the patient’s left whereas radiological convention means that the image’s right side is the 

patient’s left. This often leads to problems. 

Another issue is about simple slice artefacts. Sometimes it happens that the most of the 

brain image is fine except for some slices where artefacts are found These scans have to be 

sorted out in the beginning (Strother, 2006). 

 

     2.5.2.2. Head motion and realignment 
One of the most important steps when analyzing fMRI data is to get rid of head motion. 

Even if the subject tries to lie without moving, it is inevitable that the head moves several 

millimeters. Because of the high resolution of fMRI, this displacement could lead to a voxel 

being shifted into another voxel. Nevertheless, it should be kept to a minimum, e.g., by 

using foam pads to fixate the head as much as possible. Another option to prevent head 

movement is the so-called bite bar. This is a dental mold which the subject has to wedge in 

between his or her teeth. Such an immobilization of the jaw reduces head movement to a 

minimum. Furthermore, there is the option of creating a plaster cast helmet around the 

subject’s head (Figure 2.19) (Edward et al., 2000). Although, creating such a plaster cast 

for every single subject is very time consuming but that achieves improved immobilization, 

repositioning and subject tolerance because it passively restricts head movement instead of 

requiring active participation of the subjects. This method is used for all the subjects in this 

research.  
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Figure 2.19: (a) Side view of plaster cast head holder; (b) Quarter view of plaster cast 
head holder; (c) Subject wearing plaster‐cast head holder latched into the MR head rest. 
 
There are several head motion correction tools but because of the severe impact on the 

data, a subject is in general excluded if the head motion in any direction exceeds about 5 

mm or a rotation of more than 5 degrees in any direction. The reason for this is that the 

magnetic field is sensitive to the head position. Before starting the functional scan, the field 

is optimized (called shimmed) for the head position at this instant and hence moving the 

head leads to inhomogeneities in the magnetic field and thus to a bad data quality. 

Sometimes, also field maps are used. Such field maps show the actual static magnetic field. 

It is created by acquiring two images of the signal phase with slightly different echo time 

(TE). Field maps can also be incorporated into the preprocessing analysis to correct for 

geometric distortions. 

 

During head motion correction one volume scan is used as reference (this can be any scan, 

e.g., the first, the middle, or an averaged one) and all the other scans are realigned to this 
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one fixed target scan. Most algorithms use a rigid body transformation. Such a 

transformation consists of six variables. Three of those are for translations on the three axes 

(mostly named x, y and z), whereas the other three are for rotations along the three axes 

(named as pitch, yaw and roll). Such a rigid body transformation is sufficient because the 

motion of the brain can be fully described by translations and rotations around the three 

spatial axes. The values of the aforementioned parameters are estimated iteratively. An 

error measure gives the best goodness of fit. Often, a sum of squared intensity differences 

of two corresponding volume elements is used as an error measurement.  

This search is iterated until a minimum of the error measure is found. Nevertheless, the 

choice of this cost function and the way it is optimized is what differentiates the 

implementation in the different software packages. What is known, up to now, is that 

intensity-based cost functions give in general better results than fiducial-marker-based or 

land-marker-based algorithms (Strother et al., 1994; West et al., 1997). After a minimum 

of the error measure is determined, the found motion parameters are applied to the source 

volume by making use of an interpolation method. Such an interpolation creates new values 

at spatial locations. A tradeoff between speed and residual interpolation error has to be 

found. The since interpolation gives most of the time good results. 

Most fMRI preprocessing software packages visualize the time course of the six parameters 

which can later on be used as confounds in the general linear model (GLM). Nonetheless, 

one has to keep in mind that a head motion can occur at any moment of a scan.  

As mentioned above, a scan is not acquired instantaneously and thus, some slices of a scan 

may be acquired before and some after the head motion. That is why the rigid body model 

is not totally accurate for fMRI. Figure 20.2 shows an example of a six parameter rigid 

body transformation – the time course of the six parameters as well as a difference image 

before and after head motion (Huettel et al., 2008; Strother, 2006; Uludag et al., 2015). 
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Figure 2.20: Rigid body transformation a showing the time series of the motion in the three 

spatial directions x, y, and z, as well as the rotations around the three axes. The white arrow 

indicates an abrupt head motion. b difference image from the target to the volume image 

before and after motion correction. The arrows indicating the improvement achieved by 

motion correction, namely a reduction in contrast at the border of the brain. (Uludag et 

al., 2015) 

 

         2.5.2.3. Slice timing 
Another very important point to consider is that one volume is not scanned instantaneously 

but takes a certain time. Hence the voxels in one scan are not scanned at exactly the same 

time instant. Considering descending or ascending acquisition, the first and the last scanned 

slice have a time difference of one TR. For interleaved scanning two neighboring slices are 

TR/2 apart. This is crucial especially in event-related designs, while it is still discussed if 

it is needed for block design. The aim is to preprocess the data in order to get a scan in 

which all voxels are scanned at the same time. This procedure is called slice timing because 

one slice (or in multiband sequences several slices) is recorded at the same time and the 

other slices have to be brought in accordance to this slice (or these slices). Hence, the time 

series of the other slices are shifted to a specific time point of the reference slice. This 

reference slice can be any slice. Most of the time is the slice acquired at the middle of the 

time interval. After shifting the time series to the right time points, the series is resampled. 
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During this process data points that have not been sampled in first place, need to be 

considered. These points are interpolated. The most used algorithms are linear, sinc, or 

cubic spline algorithms. What is crucial for this process is the acquisition order. It is 

possible to acquire the slices either in a descending or ascending manner or in an 

interleaved manner, which is often done in order to prevent so-called cross-talk between 

slices. This means that, e.g., all even slices are acquired followed by all odd slices. 

Otherwise, also the HRF could be shifted. But the above mentioned algorithm is the most 

frequently used one (Uludag et al., 2015). 

There is no clear consensus whether slice timing should be done first or whether 

realignment should be done first. Huettel et al. proposed some rules which say that slice 

timing should be done before realignment when having an interleaved slice acquisition 

with a long TR. On the other hand, realignment should be done first for sequential 

acquisition or short TRs (Huettel et al., 2008). 

 

      2.5.2.4. Coregistration 
One of the main aims of researchers is, in general, to find how the activation pattern fits to 

the neuroanatomy. This is not possible by just looking at the functional scan because its 

resolution is mostly very poor. Hence, a high-resolution image is acquired. This has to be 

aligned with the functional image. Figure 2.21 shows a comparison of structural and 

functional scans of the same subject of one of our studies. As can be seen, the upper row 

(structural image) shows high resolution images of the three main views, i.e., coronal, 

sagittal, and axial. They have high contrast which means all the brain structures can be seen 

easily. Moreover, it is easy to distinguish gray matter (GM) and white matter (WM) in these 

images. On the other hand, the second row shows functional images (again coronal, 

sagittal, and axial view of the same subject). These images seem very blurry and have low 

contrast. The sulci and gyri that could be easily seen in the structural image can hardly be 

identified here. Thus, it is necessary to overlay the identified functional activation with the 

structural high-resolution image, in order to define the exact location of the activation. This 

procedure is called coregistration. 
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Figure 2.21: Comparison of structural (upper row) and functional (lower row) data of the 

same subject from one of our studies. 

 

 

Even when taking from the same subject, there are always differences in the functional and 

the structural images. Thus, sometimes not the same slices are acquired, or the subject 

moved slightly between the two scans. Moreover, the structural image has in general a 

smaller voxel size. In order to coregister these two images, cost functions using mutual 

information are most often used. 

 

            2.5.2.5. Normalization 
The aim of a study is often, not just to find results for one specific subject, but to compare 

different subjects or to perform a group study which allows generalization to the general 

population. A normalization step is necessary when comparing different subjects with each 

other. The brain shape of every person is different like the general body shape. This 

diversity starts with the overall shape of the brain and goes down to fine-grained cortical 

folding patterns. Thus, it is not possible to directly compare them. A standard brain is 

needed for this step. The most common ones are the Talairach (from a single post mortem 

female human brain) (Talairach and Tournoux, 1988) and the Montréal Neurological 
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Institute (MNI) atlas, which was derived by averaging 305 brains (Evans et al., 1993). 

Nevertheless, it is also possible to create a reference brain, e.g., an average brain over the 

subjects included in a specific study. 

The Talairach atlas has as origin the midpoint of the anterior commissure (AC). After 

rotation of the brain, the posterior commissure (PC) is supposed to be in the same axial 

plane as the AC. The connection of these two points (AC and PC) is the y-axis of that 

coordinate system. The x-axis goes from left to right through AC and is orthogonal to the 

y-axis. The last axis, the z-axis, goes from inferior to superior through AC and is orthogonal 

to the xy-plane. In order to perform a full Talairach transformation, one creates a cuboid 

which is parallel to all three axes and encompasses the outer boundary of the cortex. This 

is further separated by planes into 12 sub-cuboids which are each linearly expanded or 

shrunken to match the Talairach standard brain sub-cuboid. Altogether, this transformation 

ensures that the AC and PC are located at the same coordinates in every brain. Furthermore, 

the sub-cuboids defined by the AC, PC, and borders of the cortex have the same size in 

every brain. Nevertheless, this does not ensure that same coordinates point to 

corresponding brain areas in different individuals. This is especially true for cortical 

regions but not so pronounced for areas close to the AC-PC line (De Martino et al., 2013; 

Frost and Goebel, 2012). 

When comparing the results of the MNI alignment with an intensity driven automatic 

algorithm, one finds that the result is not much better than that with Talairach, even when 

using nonlinear spatial transformations. This is because the template brain of the MNI has 

been averaged extensively and thus has lost anatomical details.  

It is also possible to directly transform the functional data to the MNI space because also 

EPI templates exist. However, it is recommended to first coregister the structural and 

functional data, and then use this transformation for normalization (Uludag et al., 2015). 

After a reference brain template is chosen, mathematical methods like stretching, warping, 

or squeezing are used to transform all other brain images to the reference brain. Hence, the 

size of the brain is transformed, but also some landmarks like, e.g., major sulci are used for 

the transformation (the exact landmarks depend on the algorithm used). 

Further quite new approaches are the surface-based or cortex-based algorithms. During this 

approach the brain is inflated to a sphere. Hence, it has just two dimensions, i.e., longitude 
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and latitude, instead of having three dimensions, as in volumetric space. The information 

of gyri and sulci is preserved indirectly by curvature maps which are calculated prior to 

inflation. The cortical meshes are aligned by increasing the overlap of curvature 

information. Thus, it aligns corresponding sulci and gyri across the brains (Uludag et al., 

2015). Frost et al. showed that this approach increases the statistical power and spatial 

specificity of group analyses because it not only increases the overlap of macroanatomical 

regions but also of corresponding functionally defined specialized brain areas (Frost and 

Goebel, 2012). Surface-based algorithms are especially good to separate activations which 

are near in volumetric space but not in neural space, for example, if two voxels on opposite 

sides of a sulcus are active (Huettel et al., 2008). 

Moreover, there is a method, where the functional information is used directly for 

normalization. Hence, first a standard stimulus is performed in order to help to identify a 

specific region of interest (ROI) in each subject. These ROIs are later on used to extract 

specific time courses. This approach seems to be the perfect solution to the problem of 

correspondence in different subjects. It also allows to detect very small differences in 

various subjects at group level, even with a high statistical accuracy. The main problem 

with this technique is to find a suitable localizer experiment. It is also important to notice 

that this approach just looks at specific brain regions, and thus it can happen that activity 

in other brain regions are totally overlooked. This can be avoided by a new approach 

proposed by Frost and Goebel which is an approach integrating whole-cortex 

macroanatomical and ROI-based functional alignment (Frost and Goebel, 2013). Another 

approach by Haxby et al. is called hyperalignment and describes a method where subjects 

watch the same movie and then correspondence between voxels is established (Haxby et 

al., 2011). 

Normalization is an important and useful tool when comparing different subjects, 

especially for group studies. Nevertheless, one has to keep in mind that all the templates 

that are used are generally obtained from healthy college-aged neurologically normal 

subjects.  

It is known that many other subject groups differ from this group. For example, brains of 

elderly subjects generally have atrophy, i.e., ventricle enlargement and sulcal widening. On 

the other hand, children also have different brains, e.g., they have different contrasts due 
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to less myelination. Furthermore, also male and female brains differ. These are all things 

to consider when performing normalization because it may be possible that normalization 

masks group differences. Besides these differences for healthy subjects, there are a lot of 

different brain structures in patients. This may lead to an inaccurate all-over normalization. 

Because of all the reasons mentioned above, some normalization techniques for subgroups 

have been developed. Another technique, to avoid all this, is to use subject-based ROI 

analysis (Huettel et al., 2008). 

 

    2.5.2.6. Segmentation 
Segmentation describes the separation of the image into different tissue parts, i.e., GM, 

WM, and cerebrospinal fluid (CSF). This is done because, e.g., sometimes, it is convenient 

to restrict the activation pattern to the GM areas. Such algorithms use the intensity of 

different voxels to identify different brain areas. Hence, it is crucial that all these areas have 

the same intensity. Thus, bias correction is needed and necessary for segmentation 

algorithms (Smith et al., 2004). 

What is also worth mentioning is that a lot of the algorithms for preprocessing work better 

when the brain is segmented from non-brain tissue, i.e., the scalp and skull. 

 

       2.5.2.7. Further common preprocessing techniques 
Beside the above-mentioned steps, a lot of different other preprocessing steps are 

applicable. Nevertheless, these are not always used and sometimes have to be used with 

caution to not remove signals of interest. Two important ones are temporal and spatial 

filtering. A filter is a tool that tries to remove uninteresting noise but to keep as much as 

possible of the signal of interest. It is always a tradeoff and has to be used with a lot of 

caution to not remove too much of the signal. On the other hand, when used well it can 

improve the signal-to-noise ratio. 

 
o Temporal filtering 

The main aim of temporal filtering is to preserve interesting frequencies while getting rid 

of frequencies arising from noise. The signal is Fourier-transformed from temporal to 

frequency space after which a filter is applied. When talking about filtering, one always 
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has to keep the Nyquist theorem in mind. This says that for the maximum frequency, called 

Nyquist frequency, the following equation holds. 

2.ν
Nyquist=𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 

In other words, no frequency higher than 0.25 Hz is present for TR=2s. 

When talking about temporal filters, it is, most of the time, more convenient to consider 

the frequency domain, i.e., the Fourier-transformation of the time domain. Then, we apply 

the filters in this frequency domain. Three main types of filters are distinguished, namely 

low-pass filters, high-pass filters, and band-pass filters. A low-pass filter cuts off all the 

high frequencies whereas low ones stay in the spectrum. A high-pass filter is the opposite 

of a low-pass filter and thus, cuts off low frequencies and keeps only the high ones. Finally, 

a band-pass filter is a combination of the before mentioned ones, meaning it cuts off low 

as well as high frequencies and just keeps a band in the middle range. 

There are two main effects that are accounted for when performing temporal filtering. One 

is the removal of linear and nonlinear drifts, whereas the other is temporal smoothing. 

There is physiological and physical noise. Hence, time courses of a voxel are often 

nonstationary. The simplest case is a linear trend. This describes that the signal rises or falls 

with a constant slope over the entire experiment. If this is not the case, the trend is called 

nonlinear and is more difficult to correct. These drifts describe slow signal changes. Thus, 

they can be dealt with by using a high-pass filter. As mentioned above, first the signal is 

Fourier-transformed to the frequency space where it is filtered using a high-pass filter. After 

filtering an inverse Fourier transformation is applied to get it back into the time domain. 

This procedure is shown in Figure 22.2. The first line of this figure shows the raw signal 

and a schematic drawing of the frequency space, i.e., the signal after Fourier 

transformation. In the frequency space we see 3 frequencies belonging to low, middle and 

high frequency signals. The middle one is the one we are interested in and the low 

frequency one is the so-called drift, whereas the high frequency signal is noise. The drift 

can be removed by using a high-pass filter (see row three in Figure 22.2). After the inverse 

Fourier-transformation, we do not see the rising trend of the raw signal anymore. This 

removal of the drift is a crucial preprocessing step because it can essentially improve the 

statistical analysis of the data. On the other side of the spectrum, there are high frequency 
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fluctuations, which can be considered as noise. These high frequency fluctuations are also 

shown in Figure 22.2. The purple part in the first row represents this high frequency noise, 

which can be removed by using a low-pass filter, i.e., a filter removing high frequencies 

and letting low frequencies pass. In the second row of Figure 22.2 we see what happens 

when applying such a filter. Hence, the left-hand side (after inverse Fourier-transformation) 

has no high frequencies anymore and just shows the middle frequency signal and the low 

frequency drift. In order to cancel out both high and low frequencies we use in general a 

band pass filter which cuts off all the low and high frequencies we are not interested in. 

Such a band-pass filter is illustrated in the last row of figure 2.22. This band-pass filter 

leaves us with the signal we are interested in. Removing the high frequency noise improves 

the signal-to-noise ratio but it is not recommended for event-related design because it may 

happen that the onset or width estimates of the responses become distorted. Moreover, one 

should also keep in mind that temporal smoothing increases the serial correlation between 

successive time points (Uludag et al., 2015). 

Furthermore, one has to be aware of temporal autocorrelation. This describes that the 

amplitude of a future time point could be predicted by the amplitude of past time points. 

Hence, preprocessing software uses prewhitening algorithms to get rid of these 

autocorrelations before doing other preprocessing steps. Nonetheless, it is crucial to 

estimate the autocorrelation correctly in order to eliminate it. Another approach, which is 

used when autocorrelation cannot be estimated well is precoloring. This introduces specific 

autocorrelations into the datasets (Huettel et al., 2008). 

 
 
 

o Spatial filtering 

Spatial filtering is sometimes also just referred to as smoothing. When talking about spatial 

smoothing most of the time we refer to using a Gaussian filter. This is a filter having the 

well-known bell-shaped Gauss curve. It smears the results over each voxel to his neighbors. 

The neighboring voxels involved in spatial filtering depend on the size of the kernel, 

measured in full width half maximum (FWHM). 
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Figure 2.22: Example of filtering in the frequency domain with the help of Fourier 

transformation. In the first row on the left-hand side is the raw signal, which then is Fourier 

transformed. On the right-hand side one sees three frequencies of which the signal is 

composed. A low one (red), the drift, a middle one (green), the signal we are interested in, 

and a high frequency one (purple) which is noise. The next three lines show low-pass, high-

pass, and band-pass filters and the results when transforming the signal back into time 

domain via inverse Fourier transformation. (Uludag et al., 2015) 

 

 

A larger number includes more neighbors, whereas a small number just includes the nearest 

neighbors. The biggest advantage is that using a filter of a similar size as the area of the 

signal of interest gives a better signal-to-noise ratio and is similar to the band-pass filter 

described in the last section. It increases the signal-to-noise ratio because all fMRI data 

have a spatial correlation resulting from two main aspects, namely similar functional 

participation of neighboring brain regions as well as blurring caused by the vascular 

system. Moreover, spatial correlation is introduced in group studies, where more subjects 
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are compared. The fact that not all brains are equal and that normalization algorithms are 

not perfect results in activations recorded in slightly different voxels. Spatial smoothing 

becomes even more important when scanning using higher field strength, e.g., 7 T. Some 

studies showed that sampling data at higher resolution and then smoothing it gives better 

signal-to-noise ratio than sampling at the lower resolution. Another advantage of spatial 

smoothing is related to statistical significance. Because of the fact that a brain consists of 

a huge number of voxels, there are a lot of tests, which also results in many false positive 

results during statistical analysis. If the data is smoothed, there are fewer local maxima 

which are statistically significant. Furthermore, smoothing also improves the analysis by 

making parameter errors more normal distributed, which is assumed by many statistical 

tests. These advantages are especially important when dealing with regions with a low 

signal-to-noise ratio. 

The biggest drawback is when the size of the filter does not match the size of the result. 

Thus, if the kernel is too large, significant results may be missed. This has to be taken into 

account when focusing on small regions. 

The typical FWHM used is about 6 to 10 mm which are about two to three voxels. 

Nevertheless, also bigger and smaller FWHM are possible. Last but not least, it should be 

mentioned that such a spatial filtering is important and beneficial just for voxel-wise 

analysis but does not have any positive effect on ROI analysis (Huettel et al., 2008). 

 

 

 

       2.5.2. Statistical analysis 
For the description in this session we follow (Uludag et al., 2015) Chapter 12 and (Huettel 

et al., 2008) Chapter 10. See these or similar textbooks for more details and fundamental 

statistical explanations. 

During statistical analysis we aim to find those brain regions which exhibit greater or less 

response to a specific task when comparing to the control stimulus. One big problem is that 

there is always physiological and physical noise which contaminate the signals. Hence, 

variations between diverse stimuli might just be due to chance. Hence, we need statistical 

tools to identify those results which did not just occur by chance.  
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One also has to keep in mind that we just measure a sample of the data but want to find 

results which hold true for the whole population. If it seems very unlikely that a difference 

between two stimuli is just due to noise it can be seen as a real difference between those 

stimuli. These are variations we are interested in. When considering single-subject 

statistical fMRI analysis, the tests are usually performed independently for each voxel’s 

time course, i.e., using a univariate analysis. Independent tests at each voxel raise the 

probability of finding some statistically significant voxel which just arises from noise 

fluctuations. Hence, multiple comparative adjustments have to be made. 

In Figure 23.2 one can see a representation of the statistical analysis of the data of two 

brain regions a (left) and b (right). One common approach to deal with this problem is 

simply to subtract the two means, i.e., the mean of the rest condition versus the mean of 

the stimulus condition. The example shown in this Figure 2.23, would give the same result 

in brain regions a and b. Nevertheless, one has to also consider the noise. Thus, we would 

generally trust the result in brain region b more than that of brain region a, because the 

former has less noise. Hence, it is important to know something about the noise fluctuation. 

This can be estimated from the data. The uncertainty of effects can be estimated by 

integrating the variability of measurements as well as the number of observations. 

 
Figure 2.23: Representation of statistical data analysis for an experiment with two 

conditions, i.e., rest and stim (=stimulation). a shows a time course for one brain region 

and b shows a time course for another brain region. (Uludag et al., 2015) 

 

Then, the general procedure is to simply formulate a null hypothesis and test for it by using 

a t-test. As a significance level most of the time a value of α=0.05 is used. Nevertheless, a 
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t-test is not always appropriate for fMRI because it does not capture the fall and rise of 

fMRI responses. Hence, often correlation analysis is used because one can incorporate a 

gradual increase and decrease of the 

measured signal with this method. Each time course of a voxel is compared to the time 

course of a reference function which could be the expected ideal noise-free time course.  

This is done by calculating the correlation coefficient r given by  

 𝑟 = ∑ (𝑋𝑡 − 𝑋ҧ)(𝑌𝑡 − 𝑌ҧ)𝑇𝑡=1√∑ (𝑋𝑡 − 𝑋ҧ)𝑇𝑡=1 2 − ∑ (𝑌𝑡 − 𝑌ҧ)𝑇𝑡=1 2 

 

With T being the number of time points, 𝑋𝑡 the reference time course, and 𝑌𝑡 the data time 

course. Moreover, 𝑋 ̅ is the mean of the time series of 𝑋𝑡and 𝑌̅ is the mean of the time series 𝑌𝑡. We divide by √Σ𝑇𝑡=1 (𝑋𝑡−𝑋 ̅)2 Σ𝑇𝑡=1 (𝑌𝑡−𝑌̅)2 for normalization, i.e., if r = 1 we find that 

both time series are totally correlated. This means that the one-time course goes up when 

the other also goes up, or down when the other goes down. r = -1 gives us the opposite, 

namely that one-time course goes up while the other goes down, or vice versa. This 

behavior is called anticorrelation. A value of r = 0 indicates that both time courses are not 

correlated at all. 

 

      2.5.3.1. The general linear model 
The general linear model (GLM) was introduced by Friston and colleagues (Friston et al., 

1994b, 1994a) and is mathematically a multiple regression analysis which is suitable for 

multiple variables. This is the reason why GLM is the most important tool when it comes 

to univariate fMRI data analysis. We focus here on the use of the GLM regarding fMRI 

data, for a deeper explanation see for example (Draper and Smith, 1998; Kutner et al., 

2004). It is worth mentioning that in the fMRI literature GLM refers to its univariate 

version whereas in other fields there are often multiple dependent variables. The dependent 

variables in such a model are the observed fMRI time courses. The reference functions, 

i.e., the time courses of the expected and noise-free fMRI signals, are also called regressors, 

predictors, explanatory variables, basis functions, or covariates. The time course of the 
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regressor is in general obtained by convolving a box-car function with the HRF. The box-

car function is set to 1 when the stimulus is on, whereas it is set to 0 when the stimulus is 

off. In general, the assumption is made that long stimulation periods can be predicted from 

known responses to short stimulation. We call the response function of the short stimulus 

the impulse response function which is in general modelled by two gamma functions 

(Friston et al., 1998a). Such two functions are plotted in figure 2.24. Using appropriate 

parameters, the combination of γ1and γ2, shown in figure 22, model the BOLD HRF, which 

has been observed empirically for short stimuli. The two different functions represent the 

two parts of the HRF. The first one, γ1, represents the shape and the peak whereas the 

second one, γ2, gives us the discussed undershot (see session 2.1.2). 

 

 

 

Figure 2.24: Two gamma functions model the HRF: 𝛾1(𝑥) = 6𝑥5 𝑒−𝑥𝑇(6)  and 𝛾2(𝑥) =−𝑥15 𝑒−𝑥𝑇(16). The first 𝛾1 gives the general shape and the peak and 𝛾2 gives the undershoot 

 

When considering a voxel time course y, one has to explain the variance. This is done by 

associating a weight βi to each regressor time series 𝑋i. Then, the time course of voxel y is 

modeled as the sum of all regressors, each multiplied by its weight βi, as well as an error 

term ϵ (also called noise, residuals or prediction error). The GLM system for n data points 

and r regressors reads as follows; 
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𝑦1=β0+β1𝑋11+⋯+β𝑟𝑋1𝑟+𝜖1 𝑦2 =β0+β1𝑋21+⋯+β𝑟𝑋2𝑟+𝜖2 

… 𝑦𝑛 =β0+β1𝑋𝑛1+⋯+β𝑟𝑋𝑛𝑟+𝜖𝑛 

 

or simplified as,                                                         𝑦=X.β + ϵ. 

 

Hence, y gives the voxel time course, i.e., the time course from time point 1 (y1) to time 

point 2 (y2) until time point n (yn). β0 gives the baseline and the regressors on the right-

hand side of the equation model the time course expected by different stimuli and are scaled 

by βi (i=1, …, r). The matrix X is called the design matrix. Figure 2.25 gives a graphical 

representation of the above equations. 

 
Figure 2.25: Figure of a GLM. The left-hand side gives the time course of a voxel (time 

passing from top to bottom. The right-hand side gives the weighted (beta values at the top) 

design matrix and the error term. The green and the red rectangles symbolize the on-

condition in the experiment and the white curve gives the BOLD response. On the right-

hand side of each predictor there is a grayscale-coded bar indicating the expected 

responses, i.e., white indicating high response and black indicating no response. (Uludag 

et al., 2015). 
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When performing an experiment, we get the data y and construct the design matrix X. 

Hence, the GLM serves for finding the beta values, while minimizing the error term. When 

constructing the design matrix special care has to be taken. If the design matrix is 

constructed in a wrong way, interesting effects are modeled as errors. In Figure 26.2 one 

sees three GLMs fitted to the same data but with different design matrices X. The various 

models give different results and different errors. The first column on the left-hand side of 

the figure represents a design matrix that just has a constant term and thus no stimuli. The 

residuals (top figure) are very high and also include the active phases of the fMRI. In the 

middle of figure 2.26, a design matrix which models the constant as well as one stimulus 

term is shown. We find that the residuals are lower than in the first case but still include an 

active term which is not pure noise. The last column shows a design matrix with two active 

stimuli and a constant term. This is the only case where the data time course and the 

predicted time course are nearly the same. Moreover, the residuals are very small and just 

represent real noise and do not include any active phases from the fMRI experiment 

anymore. Thus, it is crucial to include all expected effects into the design matrix, also those 

which are not of direct interest, like motion or drifting parameters. Only in the last case, 

the error represents real noise fluctuations of physical or physiological origin. 

Everything described so far was for single voxels. Nevertheless, it also holds true for the 

entire brain because in general a univariate voxel-wise analysis is performed. Nonetheless, 

there are some aspects that have to be considered when analyzing the whole brain. A typical 

fMRI scan consists of several hundred thousand of voxels. Each of the analyses described 

above is done for every voxel and hence, results of the GLM are also available at each 

voxel. All these statistical tests are then integrated into a 3D data set, a so-called statistical 

(parametric) map. What is very important is to find an appropriate threshold for those maps. 

If we consider one voxel, we can use a classical threshold of, e.g., p<0.05. On the other 

hand, if we consider all voxels of an fMRI experiment, we get a massive multiple 

comparison problem. If we test one voxel with a probability of 0.05, we expect 5% of false 

positives when repeating the experiment several times. Assuming that there are no real 

effects in any time course of any voxel, testing spatially in parallel 100000 voxels is, from 

the point of statistics, equal to testing one voxel 100000 times, i.e., with a p value of 0.05 

we expect 5000 false positive voxels. 
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Figure 2.26: Three different GLMs fitting the same data. The first row shows the residuals, 

the second one shows the time course of the data (blue), and the predicted time course 

(green). The other figures show the three different design matrices. The design matrix on 

the left just models a constant effect. The one in the middle models the constant effects as 

well as one stimulus, and the one on the right models the constant effect as well as two 

stimuli. The colored rectangles again represent the onset time for the condition. (Uludag 

et al., 2015) 

 

This is a huge problem in fMRI. Luckily, several methods to control for this massive 

multiple comparison problem have been presented. The first one is the Bonferroni 

correction, which is a basic multiple comparison correction approach. It controls the error 

across all voxels. Hence, it is also called family-wise error (FWE). The method yields 

single-voxel threshold values so that the error probability of 0.05 is reached for the global 

level. If we assume N independent tests, we get a probability of  

 

PFWE=1−(1−p)N 
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With ≈ holding for small values of PFWE (which holds in general). Using this method, we 

get p=0.0000005 for 1000000 voxels for PFWE = 0.05. This approach would be valid if 

neighboring voxels would be indeed independent from each other. However, neighboring 

voxels give similar responses. Hence, the Bonferroni correction is too conservative for 

fMRI, which leads to a drop in detecting truly active voxels. 

 

Another approach which takes the fact into account, that neighboring voxels activate 

together was described by Worsley et al. (Worsley et al., 1992). The crucial point is the use 

of Gaussian random fields which are utilized to describe statistical maps. Nevertheless, this 

approach requires substantially smoothing the fMRI data which makes it less attractive. 

A different way is controlling the false discovery rate (FDR) which was described by 

Benjamini and Hochberg in 1995 (Benjamini and Hochberg, 1995). This method describes 

all the positive results found that are actually false positives. It is calculated with an 

iterative approach. This method was introduced to fMRI by Genovese et al. in 2002 

(Genovese et al., 2002) and is becoming more and more popular.  

 

3. Peripheral nervous system damage 

The loss of sensory inputs or motor outputs to muscles may result from both peripheral 

injury and the loss of a limb. However, a sensorimotor system can also be an injury by 

direct injuries. Today we know that the damaged system is not unchange and previous 

studies give us a deeper understanding of brain mechanisms related to the recovery of lost 

functions after injury. A lesion of the motor cortex as another type of nerve damage occurs 

because of an inactivated area of the cortex. The size of the inactivated area increases 

during the time immediately after the lesion; however, this can be prevented and even 

reversed by treatments. Motor cortex reorganizes following the loss of a limb to enhance 

the representation of retained muscles in the limb and adjacent body parts. This type of 

reorganization has practical consequences of improving the use of the retained muscles. 

This reorganization is based in part on changes in peripheral and central nervous system 

connection strengths. 
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3.1   Different types of cortical reorganization after peripheral damage  

In previous literature, four types of cortical reorganization after peripheral damage of the 

upper limb have been reported. Taking the perspective of the primary motor cortex, they 

may be described as follows.  

(1) The task for the locally specialized primary motor cortex does not change. The goal of 

reorganization is to achieve the original upper limb function [e.g., after reconnection of a 

transected median nerve (Rath et al., 2011; Taylor et al., 2009)].  

(2) The task for the locally specialized primary motor cortex does not change. However, 

the final output has to be adapted to a new effector. The goal of reorganization is to achieve 

a similar upper limb function but with a changed effector [e.g., after heterotopic hand 

replantation (Eickhoff et al., 2008)].  

(3) The task for the locally specialized primary motor cortex does change. For example, 

instead of generating arm extension, arm flexion now has to be performed. The goal of 

reorganization is to replace a specific motor function by a new motor function [e.g., after 

connecting a C7 root to the musculocutaneous nerve (Hua et al., 2013), thereby sacrificing 

the original C7 function].  

(4) The task for the locally specialized primary motor cortex is lost. The goal of 

reorganization is to adapt to the lost upper limb function [e.g., after amputation (MacIver 

et al., 2008)].  

(5) In addition to these four well-known types of cortical reorganization after peripheral 

nervous system damage, an initial piece of evidence has recently been published that 

neuroplasticity in primary motor cortex may go even beyond that. This evidence has been 

described in a therapeutically difficult group of patients—patients with brachial plexus 

avulsion. Here, various concepts for nerve transfer exist to allow at least partial regain of 

arm function. When connecting the ending of a denervated musculocutaneous nerve to the 

side of an intact phrenic nerve, the task for the locally specialized primary motor cortex 

does not change. However, a new task has to be added. Now, the cortical diaphragm 

representation has to perpetuate control of breathing but add independent control of arm 

flexion (Beisteiner et al., 2011; Schmidhammer et al., 2009).  

Initially, the biceps muscle is stimulated, and forced inspiration procedures are used to start 

innervation of the muscle ("breathing muscle"). Later, independent innervation of 
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diaphragm and arm flexion is intensively trained. Typically, it takes 12–18 months after 

surgery, to achieve independent breathing and arm flexion patterns. Currently, it is not 

known how this functional reorganization of the motor network is realized.  

 

3.2    disturbance of arm functions 

A disturbance of arm functions can occur as a result of various lesions within the central 

and/or peripheral nervous system. To advance therapeutic progress, a comprehensive 

understanding of the neuroplastic mechanisms which allow restoration of upper limb 

function after such a disturbance is essential. There is already a large body of functional 

neuroimaging literature on the flexibility of cortical reorganization in response to central 

nervous system damage. Typical mechanisms include an over activation of secondary brain 

areas or of homologous (contralateral to the damaged side) brain areas, and a changed 

pattern of driving/inhibiting interactions within the somatosensory network [for review 

(Harding-Forrester and Feldman, 2018)] or the motor network [for review (Beisteiner and 

Matt, 2015)].  

Such cortical reorganization even occurs in the case of extreme central nervous system 

damage such as hemispherectomy (Rath et al., 2008). In contrast, only a few neuroimaging 

studies exist on cortical reorganization in response to peripheral nervous system damage. 

With peripheral damage, brain neuroplasticity is not induced by brain lesions—instead, the 

changed information flow between the somatic periphery and the brain constitutes the 

driving factor. It is important to note that neuroplasticity in response to peripheral nerve 

injury happens in a completely healthy brain. Neuroplastic changes are mostly found in 

non-primary brain areas but can also involve functional changes of primary somatosensory 

and primary motor areas contra- and ipsilateral to the injured limb (Björkman and Weibull, 

2018; Socolovsky et al., 2017; Wang et al., 2018; Yao et al., 2015). This is interesting since 

primary motor areas are highly specialized cortices, with dedicated somatotopy; for 

instance, even movements of single fingers are functionally separable by fMRI (Beisteiner 

et al., 2001). Furthermore, the primary motor cortex is an essential cortex—its function is 

not recoverable after destruction.  
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4. Results  
In the reminder of this dissertation, we investigated the mechanisms underlying the re-

establishment of arm function via a doubled arm representation in the primary motor 

cortex. A combination and adaption of three technical methods were found to be 

appropriate to explore the reorganization of active brain regions:  

Functional Connectivity (FC):  to investigate the functional connectivity.   

Dynamic Causal Modeling (DCM): to investigate the effective connectivity. 

Diffusion Tensor Imaging (DTI): to investigate the structural connectivity. 

 

4.1. Data Acquisition and Experimental Design  
FMRI effective/functional connectivity and structural changes within the motor network 

were compared between a group of patients and age-matched healthy controls (6 patients 

and 12 healthy controls). Up to now, around 30 patients with this new end-to-side 

reconstruction described below exist worldwide. Our study implemented on, six right-

handed patients with the following characterization; 26–47 years, median 37, and 

interquartile range 32.75–41, one female could be included, and you can find further details 

in table 4.1. All patients suffered from a complete traumatic brachial plexus avulsion (root 

avulsions and/or fiber disruptions) with arm paralysis. Since only complete lesion of the 

bracial plexus qualified for our study, avulsion of the plexus brachialis was initially defined 

via a thorough clinical investigation including structural imaging and clinical 

neurophysiology by an experienced clinical team and finally verified by the surgeon. All 

patients received an end-to-side coaptation of the distal stump of the musculocutaneous 

nerve to the side of the ipsilateral phrenic nerve using two sural nerve grafts. In Figure 4.1 

we present a schematic illustration of the end-to-side coaptation nerve repair. After surgery 

all of the patients followed a standardized physiotherapeutic and muscle stimulation 

protocol. To this end considered, first arm movements do not start before 1.5 years after 

surgery. On the other hand, according the study by Beisteiner and et al (2011), clinical 

status documentation at the time of fMRI for each patient gathered which is included chest 

radiography, thorax fluoroscopy, clinical video analysis of arm movement/breathing 

behavior and electromyography (EMG) to prove independent innervation of diaphragm 

and biceps muscles. Interestingly for all patients, the post-surgical rehabilitation status at 
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the time of the fMRI investigation showed a clinical muscle strength grading of 0–2 out of 

5. This result indicated that the elbow flexion was not possible against gravity. Our 

investigation showed, except the brachial plexus lesion, none of the patients had any history 

of neurological or psychiatric illness. Furthermore, the study of Beisteiner and his 

colleagues reported about a direct comparison between end-to-side operated patients to 

those treated with an end-to-end technique. We recruited twelve right-handed age-matched 

healthy controls with the followed characterization; 25–44 years, median 34.5, and 

interquartile range 29.5–40.25, one female, from the general population. 

 

Table 4.1: Characterization of the 6 phrenic nerve patients with 3 left and 3 right arm 

injured. 

Patients Age range Injured arm Accident date Operation date Scanning date 
1 25–30 Left arm June 2010 February 2012 February 2013 
2 30–35 Right arm August 2011 February 2012 March 2013 
3 35–40 Left arm May 2009 April 2011 February 2012 
4 35–40 Right arm June 2010 December 2010 March 2014 
5 35–40 Left arm September 2010 February 2011 May 2013 
6 40–47 Right arm March 2012 February 2013 December 2013 

 

All procedures performed in our studies were in accordance with and approved by the 

Ethics Committee of the Medical University Vienna in accordance with the Helsinki 

Declaration of 1975 and its later amendments. Informed consent was obtained from all 

individual participants prior to participation in the study. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: A schematic illustration 

of the end-to-side coaptation nerve 

repair. In this study the nerve fiber 

transfer from the phrenic nerve to the 

musculocutaneous nerve has done 

using two sural nerve grafts coapted 

end-to-side to the phrenic nerve and 

end-to-end to the musculocutaneous 

nerve. 
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fMRI tasks were isolated tonic elbow flexion of  

1- diseased/left          or  

2- healthy/right arm of patients/controls 

 

The instruction was to flex the forearm slightly and to generate a strong muscle tension 

without change of breathing. Numerus studies such as Lotze and Halsband (2001) 

demonstrated the generation of reliable brain activation within related motor brain areas 

even if it was only imagined. Elbow flexion was trained and successful performance 

documented with clinical EMG outside of the scanner.  

3- Task 3 involved forced abdominal respiration and arms relaxed simultaneously.  

In each run, 3 ON and 4 OFF blocks were applied. Rest with visual fixation and block 

duration 20 s. During ON phases muscle contraction was cycled four times with 2,500 ms 

tension followed by 2,500 rest (visual commands) and then performance was monitored. 

A pseudo-randomized order was performed followed by; 

o Eight runs forced abdominal respiration 

o Eight runs elbow flexion diseased/left arm 

o Four runs elbow flexion healthy/right arm 

 

To performance a high level of control analyses the experimental design included the 

possibility to compare; 

(1) The patients’ diseased arm with their healthy arm 

(2) The patients’ diseased arm with the controls’ arms 

(3) The patients’ healthy arm with the controls’ arms. 

 

Functional MRI activations in diaphragm areas are usually weak and 7 Tesla provides a 

great functional contrast to noise situation and consequently improves the possibilities for 

reliable functional connectivity inferences (Beisteiner and et al., 2011). Hence, for our 

study we acquired data with a 7T Siemens MRI system (Siemens, Erlangen, Germany). 

The data were recorded with a 32-channel phased array head coil, single-shot gradient-

echo EPI, FOV of 230, TE/TR of 22/2,500 ms, matrix size of 128 × 128 and 39 interleaved 

axial slices with 3 mm gap, resulting in isocubic voxels of 1.8 mm edge length. High-
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resolution T1 anatomy was also acquired (0.7 × 0.7 × 0.7 mm). Head motion restriction 

was used and runs with insufficient compliance or large body movements were repeated 

(Edward et al., 2000). 
 
4.2. Functional connectivity changes in phrenic nerve patients  
Here we explain our finding of functional connectivity method. First we will explain the 

necessity to investigate this mechanism and then more details about the method and the 

result of the research.  

 

4.2.1. The necessity of investigation on the mechanisms for neuroplastic changes 
following peripheral damage 
The full functionality of an upper limb is one of the significant motor functions and 

accordingly the loss of its function is a devastating loss for humans. A loss of arm function 

always has dramatic consequences regardless if it occurs centrally or within the peripheral 

nervous system. Thus, a deep understanding of possible neuroplastic mechanisms allowing 

for the recovery of limb function could be promising. In the previous studies the efficient 

power of cortical reorganization subsequent brain damage has been proven; for example, 

to get informed of recent investigation about mechanisms within the somatosensory 

network please have look at Harding-Forrester and Feldman (2018) and for the motor 

network refer to article of Beisteiner and Matt (2015). While in these situation the generic 

stimulus for restructuring within the brain is the lesion of the brain, neuronal plasticity 

following peripheral destruction occurs within a healthy brain. On the other hand, a few 

neuroimaging studies investigated cortical reorganization in response to damage of the 

peripheral nervous system and most of these studies indicated plasticity in non-primary 

brain areas. Neuronal plasticity can also involve primary somatosensory and motor areas. 

This is of especially interest because the motor cortex is one of the most highly specialized 

cortices. Beisteiner et al (2001) indicated motor cortex allows even the separation of single 

finger movements within the fMRI. However, very little research has been done in this area 

and mainly focus on functional changes contra- and ipsilateral to the damaged limb 

(Björkman and Weibull., 2018; Chao et al., 2018) or changes related to spinal cord 

damages (Nardone et al., 2013). Until today the mechanisms for neuroplastic changes 
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following peripheral injuries are poorly understood and range from loss of function to new 

specialization within the affected brain area (Socolovsky et al., 2017; Davis et al., 2011). 

Our knowledge to date indicates four distinct types of cortical reorganization according to 

the perspective of primary motor cortex change in the information flow from the somatic 

periphery to the brain:  

(1) Without change in function. For example, it could be follow reconnection of a 

transected median nerve (Rath et al., 2011; Taylor et al., 2009),  

(2) Eickhoff et al (2008) have shown it can be ochre without change in function but new 

effector, e.g., after heterotopic hand replantation.  

(3) Motor cortex may show functional change, that means it can be optimize a new motor 

function (Hua et al., 2013) 

(4) Finally, MacIver and his colleagues (2007) indicated the motor cortex may loss its 

function, e.g., after amputation.  

 

Recently, first evidence has been provided that neuroplasticity in primary motor cortex 

may go even beyond that. When connecting the ending of a differentiated 

musculocutaneous nerve to the side of an intact phrenic nerve, the task for the locally 

specialized primary motor cortex does not change, but a new task has to be added. Now, 

the cortical diaphragm representation has to perpetuate control of breathing but add 

independent control of arm flexion (Beisteiner et al., 2011). Thereby a new bi-functional 

motor area is established. Interestingly, this goes along with a persisting activity of the 

former primary arm area (despite being completely disconnected). 

Currently, it is not exactly known how this functional reorganization is realized, however, 

a recent study by our group indicates the establishment of a driving input of the denervated 

arm area to the diaphragm area which is now responsible for arm movements (Amini et al., 

2018). We here investigate which functional connectivity changes underlie this 

transformation of a mono-functional into a bi-functional primary motor area after 

peripheral trauma. Following our recent study, we hypothesize that the denervated but 

highly active arm area establishes some kind of new functional connection to the 

diaphragm areas which are exclusively responsible for the generation of arm movements. 
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4.2.2. Functional connectivity analysis 
In the analysis of MRI data especially for functional connectivity MRI assessment pose 

subject motion is a general problem. Therefore, as Power and his colleagues (2012) 

mentioned during this analysis, it is necessary to take  care of by compensatory spatial 

registration or regressing out motion estimates. To rule out systematic differences in 

motion between the patient and the control group, we computed the frame-wise 

displacement metric according method performed by Power et al. 2012 and 2013 where 

this metric is defined as a six-dimensional time-series composed of the sum of the absolute 

derivatives of the realignment parameters. Rotational displacements are converted from 

degrees to millimeters by calculating displacement on the surface of a sphere of radius 50 

mm, so following this metric we compared the mean and maximum values per subject 

between the patient and the control group using independent sample t-tests. 

To investigate the functional connectivity, imaging data preprocessing and their statistical 

analysis were performed using SPM12 (Wellcome Trust Center for Neuroimaging, UK), 

the CONN functional connectivity toolbox (Whitfield-Gabrieli et al., 2012) version 14 and 

in-house developed MATLAB (The Mathworks, Natick, MA, USA). During this study we 

considered all calculations with a minimum of model assumptions at the individual level 

using ROI-to-ROI analyses of individual seed regions derived from single-subject task 

activation data (Rehme et al., 2013). According report by Vandenbroucke and his 

colleagues (2004) this allows it to consider the variability between patients which is the 

variability in neuroanatomy, physiology, and pathophysiology. Hence functional 

connectivity is calculated between truly active brain areas in every patient. Image data 

preprocessing for the individual functional connectivity analysis followed and was reduced 

to a minimum (Geerligs et al., 2017). Thus, preprocessing only involved slice time and 

motion correction followed by smoothing using a 5 mm full-width-at-half-maximum 

Gaussian filter. For the generation of individual patient-specific seed ROIs single-subject 

brain activation maps were calculated with SPM12 and 6 mm spherical ROIs were defined 

around the peak activation within the critical motor network areas. According to our 

hypothesis in this study, these were the arm and diaphragm representations within the 

primary motor cortex (M1) of both hemispheres. Despite generally weak diaphragm 

activities, due to the high 7T contrast to noise ratios, individual definition of primary arm 
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and diaphragm activity was unequivocally possible in all patients/subjects. For more 

information, see Figure 4.2 which represents a schematic illustration of individualized seed 

ROIs within a single subject. 

 

 
Figure 4.2: A schematic illustration of the generation of individualized seed ROIs within a 

single subject: (A) Definition of primary motor cortex activations following the activation 

of right arm (A, left), activation of left arm (A, right) and forced abdominal respiration (A, 

middle) based on the single subject task contrasts. For every activation the peak activity 

voxel was defined and 6mm spherical ROIs were defined around that peak activation and 

then used to estimate task-based ROI-to-ROI connectivity networks separately for each 

task (B) In this part of image the values extracted of Table 6 and condition “moving 

diseased arm,” the right side corresponds to the diseased arm’s hemisphere. 

 

Before the connectivity analysis, confounding signals like residual motion or physiological 

artifacts were corrected using the Component Based Noise Correction Method (CompCor) 

method according to Behzadi et al. (2007). Then, corrected time-series were used to 

estimate task-based ROI-to-ROI connectivity as primary outcome measure (Whitfield-

Gabrieli et al., 2012). To achieve corrected time-series, mean signal time courses were 

extracted within the four ROIs separately for each task and subject. Then mean signal time 

courses were used to calculate Pearson correlations between ROI pairs of interest.  
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Finally, the resulting ROI-to-ROI estimates were converted using Fisher’s Z-

transformation and submitted to a 2 × 2 × 3 mixed-model repeated measures ANOVA. In 

this full model of variance, we had the following factors in different levels;  

Group: 1- controls 

             2- patients 

Condition: 1- diseased/left arm 

                    2- healthy/right arm 

                    3- forced inspiration 

Connection: 1- diseased/left arm ROI to ipsilateral diaphragm ROI 

                     2- diseased/left arm ROI to contralateral diaphragm ROI 

                     3- healthy/right arm ROI to ipsilateral diaphragm ROI, 

                     4- healthy/right arm ROI to contralateral diaphragm ROI 

 

The use of full model of variance allows to focus on the difference in functional 

connectivity between patients and controls, within one framework. All effects and contrasts 

were Greenhouse Geisser corrected when sphericity was violated. Connectivity to the 

bihemispheric diaphragm ROI was calculated by combing the connectivity values of the 

individual arm ROI to the ipsi- and contralateral diaphragm ROI while conducting a 

specific movement. Furthermore, effect size calculations were performed (partial η2). 

 

4.2.3. Results found from the functional connectivity analysis of the phrenic nerve 
patients 
In the present study, all participants could perform all fMRI tasks as requested and showed 

expected activations. The result of the clinical investigations confirmed successful and 

independent innervation of bilateral diaphragm and unilateral biceps in all patients and also 

no change of breathing patterns during arm movements. The results of motion analysis 

indicated no significant difference with df = 16, t =−0.546 and p = 0.593for the mean frame-

wise displacement between both groups. 

Mean: healthy control = 0.82 mm, patients = 0.92 mm 

Standard Deviation (SD): healthy control= 0.296; patients = 0.434 
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Furthermore, for the maximal displacement across the whole session again no significant 

difference occurred (df = 16, t =−0.499, p = 0.624) when comparing the two groups; 

Max: healthy control = 2.95 mm, patients = 3.32mm 

SD: healthy control= 1.14; patients = 2.07 

 

Individual task-based ROI-to-ROI analysis exhibited consistent connectivity changes for 

all three tasks which represented in Tables 6 and 7. The 2 × 2 × 3 mixed-model repeated 

measures ANOVA revealed the following result: 

o significant main factor Connection where df = 1, F = 14.88, p < 0.000  

o significant interactions between Connection× Group where df = 3, F = 4.654, p = 

0.006 

o significant Connection × Condition where df = 6, F = 5.870, p = 0.001 GG corrected 

 

Next to these effects the 3-way interaction Connection × Condition × Group yielded 

significance (df = 6, F = 3.891, p = 0.002) indicating that patients differed from healthy 

subjects when comparing connectivity values of the left/diseased and right arm. 

Corresponding to our primary hypothesis, Table 4.2 shows a considerably increased arm—

diaphragm connectivity for the diseased arm compared to the healthy arm. This is true for 

both diaphragm ROIs but with a dominance of the ipsilateral connection. The dominance 

of ipsilateral over contralateral connections was a consistent finding for both groups. 

Following our neuroplastic hypothesis we then performed one-sided univariate linear 

contrasts within the ANOVA model separately for patients and controls.  

For patients the connectivity of the arm ROI (moving arm) to the bihemispheric diaphragm 

ROI was compared between the diseased and the healthy arm. For controls the connectivity 

of the arm ROI to the bihemispheric diaphragm ROI was compared between the non-

dominant (left) and the dominant (right) arm. With patients we found a significant 

connectivity increase for the diseased arm (df = 1, F = 15.668, p = 0.011, partial η2 = 

0.758). With healthy subjects no connectivity difference was found between arms (df = 1, 

F = 0.537, p = 0.479, partial η2 = 0.047). 
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Since several studies have reported a basic coupling between arm and diaphragm areas 

cross various tasks, we also tested connectivity changes during forced inspiration (find 

more information in the research by Bartlett and Leiter (2012)).  

In detail, patients’ connectivity of the arm ROI to the bihemispheric diaphragm ROI was 

tested during forced inspiration, again comparing connectivity values for the diseased and 

the healthy arm. In contrast to arm movements, forced inspiration did not generate a 

significant connectivity increase between the diseased arm and bihemispheric diaphragm 

(df = 1, F = 1.971, p = 0.219, partial η2 = 0.283) in the patient group. The results indicate 

a highly specific connectivity increase required to move the diseased arm and exclude a 

global connectivity change or effects due to simultaneously occurring task-related 

respiration. Observations obtained within groups were further confirmed when comparing 

between groups (patients vs. healthy controls). The patients’ diseased arm ROIs connected 

stronger to the ipsilateral diaphragm ROIs when compared with the weaker (non-dominant) 

left arm of healthy subjects (df = 1, F = 4.924, p = 0.041, partial η2 = 0.235). In this study 

we describe a new rehabilitative mechanism of primary motor cortex after peripheral 

trauma. Although a large body of evidence describing the flexibility of the human cortex 

to reorganize already exists, only a few functional imaging studies describe cortical 

Table 4.2: Functional connectivity values (fisher’s z-values) of the phrenic nerve patients separated per 

subject and condition. 

 
 Moving 

healthy 
arm 

Moving 
diseased 
arm 

Forced 
inspiration 

Moving 
healthy 
arm 

Moving 
diseased 
arm 

Forced 
inspiration 

Moving 
healthy 
arm 

Moving 
diseased 
arm 

Forced 
inspiration 

Moving 
healthy 
arm 

Moving 
diseased 
arm 

Forced 
inspiration 

Pat. 1 0.310 0.903 −0.071 0.375 0.550 −0.127 0.158 −0.185 −0.376 −0.192 −0.403 −0.399 
Pat. 2 0.196 0.405 0.147 0.182 0.310 0.264 0.300 0.609 0.230 0.026 0.288 0.094 
Pat. 3 0.711 0.930 0.485 0.220 0.768 0.186 0.749 0.214 0.434 0.313 0.139 0.459 
Pat. 4 0.181 0.728 0.831 0.464 0.397 0.781 0.475 0.194 0.156 −0.236 0.150 0.027 
Pat. 5 0.343 0.557 0.759 0.794 0.236 0.802 0.493 0.365 0.621 0.000 0.263 0.567 
Pat. 6 0.612 0.943 0.310 0.458 0.574 0.106 0.697 0.302 0.256 0.300 0.171 0.307 
Mean 
(std) 

0.392 
(0.220) 

0.744 
(0.223) 

0.410 
(0.350) 

0.415 
(0.219) 

0.472 
(0.195) 

0.335 
(0.376) 

0.478 
(0.225) 

0.249 
(0.260) 

0.220 
(0.336) 

0.035 
(0.234) 

0.101 
(0.254) 

0.392 
(0.220) 

Last row represents the arithmetic mean of the individual values and their standard deviation in brackets. 

Diseased arm ROI to the diaphragm ROI of the Healthy arm ROI to The diaphragm ROI of the 
Ipsilateral hemisphere Contralateral hemisphere Ipsilateral hemisphere Contralateral hemisphere 
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reorganization in response to peripheral nervous system damage (Davis et al., 2011). Here 

the driving factor for while moving the diseased arm.  

 

 

 

Most likely, the origin of this increased functional connectivity is mediated via horizontal 

cortical interconnectivity (Buonomano et al., 1998; Boucsein et al., 2011). Both, within-

subject and between-subject comparisons showed a significant increase of the diseased 

arms connectivity to the diaphragm areas. These connectivity changes allow the 

perpetuation of the original function of the completely denervated arm cortex (which was 

found to remain highly active during previous brain activation studies) and our data 

indicate the following rehabilitative mechanism: the denervated arm area generates “its” 

arm movements via connection to multifunctionally transformed diaphragm cortex, which 

then activates the biceps muscle. Evidently, both diaphragm areas work together to support 

this rerouting effect. The effect is highly specific for diseased arm movements since no 

other task (e.g., breathing) generates a comparable connectivity increase. It is noteworthy, 

Table 4.3: Functional connectivity values (fisher’s z-values) of the healthy controls separated per subject 
and condition. 

 
Moving 
right arm 

Moving 
left 
arm 

Forced Moving 
inspiration right 
arm 

Moving 
left 
arm 

Forced Moving 
inspiration right 
arm 

Moving 
left 
arm 

Forced Moving 
inspiration right 
arm 

Moving 
left 
arm 

Forced 
inspiration 

Cont. 1 0.155 0.226 0.484 −0.094 0.293 0.437 0.341 0.166 0.341 −0.262 0.147 0.446 
Cont. 2 0.247 0.599 0.544 −0.194 0.262 0.342 0.133 −0.042 0.135 0.105 0.240 0.147 
Cont. 3 1.267 0.251 0.388 0.281 −0.130 0.146 0.526 0.498 0.542 0.464 0.406 0.567 
Cont. 4 0.953 0.784 0.523 0.054 0.348 0.368 0.310 0.559 0.433 0.129 0.421 0.876 
Cont. 5 0.341 0.368 0.499 −0.046 0.241 0.264 0.384 0.424 0.402 0.384 0.418 0.523 
Cont. 6 0.982 0.751 0.760 0.097 0.727 0.479 0.870 0.159 0.106 0.259 0.268 0.136 
Cont. 7 0.645 −0.031 0.191 0.214 0.243 0.116 0.787 0.335 0.444 0.198 0.232 0.244 
Cont. 8 0.555 0.872 0.618 0.177 0.541 0.418 0.181 0.385 0.449 0.168 0.471 0.525 
Cont. 9 0.604 0.390 0.502 0.106 0.252 0.393 −0.057 0.378 0.252 −0.206 0.329 0.240 
Cont. 10 1.017 0.357 0.507 0.085 −0.093 0.399 1.189 0.924 0.749 −0.059 0.243 0.498 
Cont. 11 0.356 0.533 0.035 −0.046 −0.110 0.048 0.501 0.281 0.164 −0.317 −0.065 0.187 
Cont. 12 0.611 0.508 0.299 0.004 0.060 −0.017 0.477 0.169 −0.135 0.014 0.383 0.221 
Mean  
(std) 

0.644 
(0.346) 

0.467 
(0.260) 

0.445 
(0.193) 

0.053 
(0.135) 

0.219 
(0.259) 

0.282 
(0.167) 

0.469 
(0.344) 

0.352 
(0.245) 

0.323 
(0.233) 

0.073 
(0.247) 

0.291 
(0.149) 

0.384 
(0.224) 

 
 

*Last row represent the arithmetic mean of the individual values and their standard deviation in brackets. 

Left arm ROI to the diaphragm ROI of the Right arm ROI to the diaphragm ROI of the 
Ipsilateral hemisphere Contralateral hemisphere Ipsilateral hemisphere Contralateral hemisphere 
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however, that our healthy subject data also show a kind of basic default coupling between 

the arm and the diaphragm areas during arm movements. This coupling has already been 

described, in particular in musicians playing the piano but also cross various other tasks 

(Bartlett et al., 2012; Sakaguchi et al., 2016). In our patient data this basic motor-breathing 

coupling cannot explain our diseased arm findings since we found no arm connectivity 

change during forced respiration and no change of clinical neuroplasticity is the changed 

information flow between the somatic periphery and the brain but not a brain lesion. In this 

context, recently a new type of neuroplasticity has been described: a change of a 

monofunctional to a bifunctional area where the brain area sustains its original function 

and adds a new one (Beisteiner et al., 2011). Here, we used functional ROI-to-ROI 

connectivity analyses to investigate the mechanisms behind this neuroplastic effect. Our 

main finding shows that the phrenic nerve patient group exhibits a consistent increase in 

connectivity between the area of the diseased arm and the bilateral diaphragm areas 

breathing patterns during arm movements (Davis et al., 2011). Hence, the original 

breathing function of the diaphragm area is accomplished independently from the new arm 

movement function. This is a critical point given that the diaphragm area has to transform 

into a bifunctional brain area supporting abdominal respiration as well as arm movement. 

Concerning our patient population, brachial plexus lesions are commonly treated using an 

end-to-end technique. The patients of this study, however, were operated using an end-to-

side coaptation. While the first option sacrifices a complete nerve function like that of an 

intercostal nerve, the here used approach preserves the nerves’ original function, by 

connecting the denervated ending of the musculocutaneous nerve to the side of a fully 

functional phrenic nerve via double interpolations (Schmidhammer et al., 2009). For both 

clinical approaches functional plasticity of the central nervous system areas has to follow 

different routes. Two previous studies found global network changes and bilateral brain 

activation changes in different brachial plexus patients. Investigating pan–brachial plexus 

injury patients pre- and post-end-to-end operation, showed changes within the 

sensorimotor network and higher cognitive networks like the salience network or the 

default-mode network (Bhat et al., 2013). Comparing patients that improved following the 

operation with nonimprovers, connectivity within the left hemispheric sensorimotor 

network served as a particularly good predictor for recovery. Another group of patients is 
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one suffering from brachial plexus birth injury but without any surgical interventions. Here 

a shoulder and elbow movement task was used to investigate activation changes related to 

cerebral reorganization (Björkman et al., 2016). Our study, however, were operated using 

an end-to-side coaptation. While the first option sacrifices a complete nerve function like 

that of an intercostal nerve, the here used approach preserves the nerves’ original function, 

by connecting the denervated ending of the musculocutaneous nerve to the side of a fully 

functional phrenic nerve via double interpolations (Schmidhammer et al., 2009). For both 

clinical approaches functional plasticity of the central nervous system areas has to follow 

different routes. Two previous studies found global network changes and bilateral brain 

activation changes in different brachial plexus patients. Investigating pan–brachial plexus 

injury patients pre- and post-end-to-end operation, showed changes within the 

sensorimotor network and higher cognitive networks like the salience The authors observed 

increased activation solely within primary sensorimotor cortex related to the diseased side 

but bilateral activation increases in secondary sensorimotor areas. This bilateral 

neuroplastic component seems to be important for reconstitution of function since it was 

also found in our new connectivity results.  

 
4.2.4. Summary of investigation the functional connectivity analysis  
Previous studies indicated homuncular organization is one of the basic principles of the 

human brain. Despite this, the mechanisms behind the transformation of a monofunctional 

into a bifunctional motor area in rare peripheral nerve surgery patients, are not fully known. 

To investigate this transformation, we examined patients who suffer from complete 

brachial plexus avulsion with arm paralysis. However, these patient had been treated via 

reconnection of the end of the musculocutaneous nerve to the side of a fully functional 

phrenic nerve to regain function.  

In this study patients at ultra-high field MRI, were examined for task-based functional 

connectivity between the arm and the phrenic nerve (diaphragm) representations. This 

examine was performed while the patients either performed or tried isolated elbow flexion 

or conducted forced abdominal inspiration. Our results showed that functional connectivity 

values are remarkably increased between the damaged arm and the bilateral diaphragm 

areas while trying strong muscle tension in the damaged arm as compared to the healthy 
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arm, but this effect was not observed in the patient group when compared to the healthy 

arm. We found this connectivity was stronger between ipsilateral than between 

corresponding contralateral brain regions, despite this corresponding differences were not 

found in healthy group. Our results indicate that the increased functional connectivity 

between the deprived arm area and the diaphragm area drives biceps muscle function. 

According to this result, we suggest that this rehabilitative mechanism in the primary motor 

cortex probably establish new intra-hemispheric connections within the brain and the motor 

cortex, especially to reroute the output of a completely denervated motor area. For this 

reason, this part of our study may extend current knowledge about neuroplasticity within 

the motor cortex. 

 

4.3. Investigate the effective connectivity by DCM analysis 

At the moment there is a large body of functional neuroimaging literature on the flexibility 

of cortical reorganization in response to central nervous system damage. Typical 

mechanisms include an over-activation of secondary brain areas or of homologous 

(contralateral to the damaged side) brain areas, and a changed pattern of driving/inhibiting 

interactions within the somatosensory network. For more information, refer to Harding et 

al., 2018 or concerning the motor network could you refer to Beisteiner et al., 2015. As 

Rath and his colleagues (2008) in his research indicates cortical reorganization even occurs 

in the case of extreme central nervous system damage such as hemispherectomy. According 

to previous studies, we find that only few neuroimaging research exist on cortical 

reorganization in response to peripheral nervous system damage. With peripheral damage 

brain neuroplasticity is not induced by brain lesions—instead, the changed information 

flow between the somatic periphery and the brain constitutes the driving factor. It is 

important to note that neuroplasticity in response to peripheral nerve injury happens in a 

completely healthy brain. Neuroplastic changes are mostly found in non-primary brain 

areas but can also involve functional changes of primary somatosensory and primary motor 

areas contra- and ipsilateral to the injured limb (Björkman et al., 2018; Yao et al., 2015). 

This is interesting since primary motor areas are highly specialized cortices, with dedicated 

somatotopy; for instance, even movements of single fingers are functionally separable by 
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fMRI (Beisteiner et al., 2001). Furthermore, the primary motor cortex is an essential 

cortex—its function is not recoverable after destruction. In session 3.1 we tried to explain, 

4 different types of cortical reorganization after peripheral damage of the upper limb in 

which have been reported in previous researches. When connecting the ending of a 

denervated musculocutaneous nerve to the side of an intact phrenic nerve, the task for the 

locally specialized primary motor cortex does not change. However, a new task has to be 

added. Now, the cortical diaphragm representation has to perpetuate control of breathing 

but add independent control of arm flexion (Schmidhammer et al., 2009; Beisteiner et al., 

2011). Initially, the biceps muscle is stimulated and forced inspiration procedures are used 

to start innervation of the muscle (“breathing muscle”). Later, independent innervation of 

diaphragm and arm flexion is intensively trained. Typically, it takes 12–18 months after 

surgery, to achieve independent breathing and arm flexion patterns. Currently it is not 

known how this functional reorganization of the motor network is realized. A promising 

tool for investigating clinical network changes is effective connectivity fMRI (16–24). In 

this study, we provide a first DCM examination of the motor network changes 

accompanying such a peripheral reconstruction phenomenon. The goal is to investigate 

which mechanisms underlie the reestablishment of arm function via a doubled arm 

representation in the primary motor cortex. 

4.3.1. Methods used to perform DCM analysis 

Preprocessing included slice-time correction (Kiebel et al., 2006), realignment (accepting 

only sessions with a translation of <2.5mm in all three directions and with rotation <1◦ 

around all three axes) and smoothing using a 5mm full-width-at-half-maximum Gaussian 

filter. Given the importance of the slicing timing discussion, it seems necessary to provide 

a brief explanation here again. As in session 2.5.2.3 mentioned, Data for most fMRI studies 

are acquired using single-shot echo planar imaging (EPI) techniques (Schmitt et al., 1998). 

The advantage of EPI lies in its speed. After an initial radiofrequency excitation of a single 

slice, the plane is encoded and all data are acquired in about 20–100 ms. One slice is 

encoded as a matrix whose elements correspond to the measured MR signal within a voxel 

(volume element). Voxels typically cover a brain volume of roughly 3×3×3 mm3. 

Depending on slice thickness, one requires around 30–50 slices to cover the whole brain. 
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The acquisition time for a slice is about 50–150 ms, including the wait time that is required 

to achieve the long echo times (TE) necessary for BOLD contrast. For instance, a typical 

sequence, at 1.5 T, would have a TR of 4.32 s with 48 slices. We refer to the vector encoding 

the time of slice acquisitions as ‘slice timings’. The anatomical images were co-registered 

to the mean EPI and then SPM12 segmentation was applied to derive the individual tissue 

classes.  

Preprocessed data (20 trials for patients and 24 trials for controls) were then concatenated 

into one single run to form a single time series for each individual. The first three 

dimensions (A3, eigenvariates) of the signals within the main tissue classes (white matter, 

cerebrospinal fluid, skull/bones, and soft tissue) were extracted by using the a CompCor 

(Behzadi et al., 2007) implementation in the REX toolbox (http://web. 

mit.edu/swg/software.htm). Single subject brain activation was modeled using a general 

linear model (GLM) (Grasby and Williams 1995) with task specific regressors representing 

the ON phases of this specific task, convolved with the hemodynamic response function. 

Twenty nuisance regressors were added to each trial: six movement correction parameters, 

12 a CompCor regressors, one block regressor for modeling each trial mean and one 

transition regressor (Klinge et al., 2010) for modeling the transition between the trials (total 

number of regressors = no. of sessions × 20).  

The data were high pass filtered with a frequency cutoff period at 128 s to remove low 

frequency drifts.  As peak activation varied across subjects we followed the approach of 

Klinge et al (2010) and Li et al (2010) First critical motor network areas were defined 

purely on functional neuroanatomical criteria: i.e., the phrenic nerve (diaphragm) 

representation is located medial to the hand representation (inverted omega) in the primary 

sensorimotor cortex (Figures 3.4 A, B). Task based fMRI clusters and their peak activations 

within the primary motor cortex were individually identified. The ROI comprised the left 

and right supplementary motor areas (SmaL and SmaR), left and right arm primary motor 

cortex areas (ArmL and ArmR), and left and right diaphragm primary motor cortex areas 

(DiaL and DiaR). Activations within these ROIs served as a basis for the detection of 

individual peak t-value voxels resulting in 6 peak voxels, one for each ROI.  
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Then the time courses of these ROIs were extracted separately for every participant using 

SPM12’s volume of interest (VOI) batch script (VOI radius = 8 mm, single-subject 

significant threshold p < 0.05 FWE, first eigenvariate used as summary statistic). Although 

pure BOLD fMRI data provide a clear picture about brain activations they do not allow 

inferences which activations are correlated or which activations may drive others. The 

latter is possible with DCM. DCM12 (Friston et al., 2003) as implemented in SPM12 

allows inferences about the architecture of distributed networks in the brain in terms of 

effective connectivity. Commonly, a bilinear approximation is applied in DCM, because 

this reduces the number of parameters to three inputs:  

1- Direct/extrinsic input, which has an influence on the states 

2- Intrinsic/latent connections, which couples one area to the state of others 

3- Modulatory input, which modulates the intrinsic coupling 
 
 
4.3.1.1. DCM Model Space Construction and Comparisons 
In our study, the arm area of the primary motor cortex of patient corresponding to the 

injured upper limb is completely denervated. Despite this, the arm area is strongly activated 

during limb movement after phrenic nerve connection (Beisteiner et al., 2011) but not 

during breathing (see Figure 4.3). Due to its denervation, the arm area no longer has a 

peripheral output. 

Our primary hypothesis is that patients’ M1 cortices establish a new functional connection 

of upper limb M1 (primary motor cortex) with diaphragm M1 in the injured hemisphere 

(ArmR to DiaR). The new task of ArmR would be to activate DiaR for generation of arm 

movements. In our DCM model we realized this hypothesis with a feed-back control 

system between ArmR and DiaR allowing 4 different structural models (Figure 28, dashed 

arrows): 

1- Forward connection ArmR-DiaR and backward connection DiaR-ArmR feed-back 
control system 
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2- Forward connection ArmR-DiaR only 

Figure 4.3: (A) BOLD activation results 

for all individual patients. During forced 

inspiration artifact levels are increased. 

Thresholds are adapted according to the 

individual contrast to noise situation 

(which largely varied in this difficult 

patient group). Note that with activation of 

the injured arm the diaphragmarea of the 

non-dominant hemisphere is always 

activated and the arm area activation of 

the dominant hemisphere always extends 

to the diaphragm area of the dominant 

hemisphere (yellow circles). Both features 

are absent when activating the healthy 

arm. (B) BOLD activation results for the 

healthy control group. Upper part: due to 

low contrast to noise ratio with the artifact 

prone inspiration task left and right arm 

clusters overlap diaphragm clusters when 

using the same threshold. Lower part: 

adapted thresholds [compare (36)] reveal, 

that arm activations are generated in arm 

areas (inverted omega structure) and do 

not include the diaphragm representations 

(yellow circles) and diaphragm activations 

do not include arm areas. For the group 

image, brains were normalized and the 12 

tissue regressors (aCompCor) were not 

added for first level modeling. 
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3- Backward connection DiaR-ArmR only 

4- No connection between ArmR and DiaR 

Besides the assumption of this new intracortical connectivity (expected to be absent in our 

controls), our model also included all of the well-established physiological connections 

between primary and secondary motor areas, namely: SMA driving primary motor areas 

and interhemispheric connections between motor areas. These were established as fixed 

connections across all models (you could follow it in Figure 4.4, solid arrows). 

Modulation of connections and direct input concerning modulations of the connections 

described above, three equivalent hypotheses are plausible for moving the injured arm: 

1- SmaR increases activation of DiaR since DiaR has to fulfill 2 instead of 1 motor 
tasks 

2- SmaR increases activation of ArmR which then activates DiaR for injured arm 
movements 

3- Both effects occur 

Combining the 4 possible intrinsic connections with the 3 possible modulations results in 

12 models which were tested in the patient and control groups. This was done using four 

conditions in each case: 

1- Task: this indicated the start of any of the experimental tasks (elbow flexion of the 

right arm, elbow flexion of the left arm and forced abdominal inspiration) and 

represented a direct input to the left and right supplementary motor areas (SmaR 

and SmaL). This was created by pooling and modeling all the experimental tasks. 

2- Breathing (upon instruction to perform forced inspiration): this was used to 

modulate the strength of the forward connection from SmaL to DiaL and from 

SmaR to DiaR. 

3- Right arm flexion: this was used to modulate the strength of the forward connection 

from SmaL to ArmL. 

4- Left arm flexion (or injured arm for patients): this involved three possibilities 

i. Modulate the strength of the forward connection from SmaR to ArmR, 
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ii. Modulate the strength of the forward connection from SMAR to DiaR 

iii. Modulate both of those connections simultaneously (dashed arrows in 
Figure 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.2. Model selection using Bayesian model selection approach 

To select the model with the greatest evidence within each group a Bayesian model 

selection (BMS) approach was used for both the patient and the control group. BMS can 

proceed in two methods (Rigoux et al., 2014; Stephan et al., 2010): 

1- Bayesian model selection using fixed effects (FFX)  

2- Bayesian model selection using random effects (RFX)  

 

Given that two reasons for our experiment we used of FFX method, although for the sake 

of comparison with other studies, the RFX method was also employed. 

1- The optimal model structure is a fixed effect in each group (Kasess et al., 2010) 

2- The small number of subjects (van Leeuwen et al., 2011) 

Figure 4.4:  A schematic illustration of the six 
specified ROIs, solid curved arrows show the fixed 
connection and dashed curved arrows show 
variable connections (22 = 4 different models). 
The non-curved solid arrows and solid lines show 
the fixed direct and modulatory inputs, 
respectively. The non-curved dashed lines show the 
variable modulatory input of the left arm (injured 
arm) with three possibilities: input to connection 
(SmaR to ArmR), or input to connection (SmaR to 
DiaR) and or both of them simultaneously. This 
gives a total of 12 different candidate dynamic 
causal models (4 connections * 3 left arm 
modulatory inputs). 
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For inference of the connectivity parameters, Bayesian Parameter Averaging (BPA) was 

used to compute the average parameter estimates (group-mean connection strengths and 

their probabilities) for each group’s winning model. BPA computes a joint posterior density 

for the entire group by combining the individual posterior densities, treating the posterior 

from one subject as the prior for the next. There is posterior covariance among the 

parameters. Secondly, computation is easy and efficient under Gaussian assumptions about 

the posteriors and thirdly, it produces a single posterior density for the entire group that can 

be used for Bayesian inference (Stephan et al., 2010, Kasess et al., 2010) and finally this 

method is valid also for small numbers of subjects where classical statistical approaches 

are inappropriate (van Leeuwen et al., 2011). 

4.3.2. Investigative findings of study motor network change using DCM examination 

The results of fMRI BOLD or BOLD activation for all individual patients and the healthy 

control group are shown in Figure (3.4 A, B). After applying the FFX and RFX, the results 

in each case show the same significant structural difference between the patient and control 

winning models. Figure 5.4 shows the controls and patients winning models and FFX and 

RFX model posterior probabilities. Only the patients winning model shows the following 

connections, which the control group did not show: 

o Forward connection from right diaphragm area (DiaR) to right primary motor 
cortex (ArmR). 

o Left arm flexion (or injured arm for patients) modulation to the forward connection 
from right supplementary motor area (SmaR) to right diaphragm area (DiaR). 

 

The result of Bayesian Parameter Averaging analysis represented in Table 4.5. The last 

column of the table indicated different group behavior in BPA. To evaluate connections 

that differ between patients and controls, all connections that are significant (P < 0.05) only 

for one of the groups are marked by ∗. Connections or modulatory inputs for which the 

groups show a different model structure are marked by ∗∗. To deep understand you could 
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compare Figures 4.5 A and B. The following intrinsic connections were only significant 

for the patient group: 

o Forward connection from right arm area (ArmR) to the right diaphragm area 
(DiaR). 

o Forward connection from right supplementary motor area (SmaR) to the right arm 
area (DiaR). 

o Forward connection from left supplementary motor area (SmaL) to the left arm area 
(DiaL). 

o Forward connection from right arm area (ArmR) to the left arm area (ArmL). 

Forward connection from left arm area (ArmL) to the right arm area (ArmR). 
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A 

 
Figure 4.5: (A) Results of the BMS analyses, under FFX and RFX assumptions, showing the winning 
models of the control group (left) and the patient group (right). The result showed a group difference 
in model structure. Only the patient winning model shows an intracortical diaphragm to arm 
connection and left arm modulation to the forward connection from right SMA to right diaphragm 
area (red connections). (B) Visualization of parameter estimates from Table 4.5 (patients with red 
numbers). Only intrinsic connections which show a different group behavior are shown (all these 
connections are significant only in the patient group (p < 0.05, marked by *) and are not significant 
in the control group). Note that patients right hemispheric arm area (ArmR) drives the right 
hemispheric diaphragm area (DiaR) to support movement of the diseased left arm. 
 

B 
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Figure 4.5 B, shows the intrinsic connections which were significant only in the patient 

group (p < 0.05). The following modulation was only significant for the control group: 

o Breathing modulation to the forward connection from right supplementary motor 

area (SmaR) to right diaphragm area (DiaR). The self-connection and the direct 

inputs did not show any significant behavioral differences between groups. 

Here we provide first effective connectivity data on a rare model of peripheral 

reorganization—the artificial connection of an arm nerve with the phrenic nerve to allow 

arm movements. As previously shown, the consequence of such a procedure is the 

neuroplastic development of 2 homuncular representation areas for the arm in the patients’ 

brain: the original arm area and the transformed diaphragm area. 

It is important to note that this kind of reorganization happens within a healthy brain and 

just in response to peripheral pathology. Despite direct efferences to the diseased arm are 

completely missing, the arm area is still highly active (large BOLD signals, Figures 5.4 A, 

B), but the only way to transfer “arm movement commands” is via a connection to the 

diaphragm area. From a normal task fMRI data analysis however, it is not possible to tell, 

whether this interaction between an original and a new arm area really exists. In 

principle,various options for central nervous system different model structure are marked 

by ** (compare Figures 4.5 A, B) reorganizations are possible to allow elbow flexion after 

phrenic musculocutaneous nerve connection. These include a complete independence of 

the old and new arm areas and even spinal reorganizations. For demonstration that the 

original arm area really connects to and drives the new diaphragm arm area, a DCM 

analysis is required. Our data indicate that this new neuroplastic cooperation between the 

arm and the diaphragm area indeed happens. The effective connectivity results explain how 

the new motor network situation works in this type of patients. The major mechanism is 

the generation of a driving input to the new arm output area, i.e., the right diaphragm area. 

This is achieved by 4 interacting mechanisms which can only be elucidated via effective 

connectivity analyses (compare Figures 4.5 A, B):  
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1- The denervated arm area drives the diaphragm area directly. 

2- The right SMA supports (Harding et al., 2018) by driving the denervated right 
primary arm area.  

3- The left SMA drives the left primary motor cortex which supports (Harding et al., 
2018) by driving the denervated right primary motor cortex. 

4- The diseased (left) arm modulates direct input of the right SMA to the right 
diaphragm area.  

Table 4.5: Patient and control group BPA results. All connections that are significant (P-value of BPA output 
cutoff >0.95) only for one of the groups are marked by *. Connections or modulatory inputs for which the 
groups show a different model structure are marked by **. 
 

Connections Control Patients Different 
group 

behavior  Mean P-value of 
BPA output 

Mean P-value of 
BPA output 

Intrinsic Connectivity (A) 

SmaL to SmaR 0.55 1 0.75 1  

SmaL to ArmL 0.01 0.52 0.48 1 * 
SmaL to DiaL 0.15 0.96 0.26 1  

SmaR to SmaL −0.65 1 -0.76 1  

SmaR to ArmR 0.05 0.81 0.36 1 * 
SmaR to DiaR 0.19 1 0.11 0.96  

ArmL to ArmR 0.02 0.55 1.03 1 * 
ArmR to ArmL −0.09 0.82 -0.49 1 * 
ArmR to DiaR 0.0007 0.53 0.21 1 * 
DiaL to DiaR 0.23 0.99 0.28 1  

DiaR to ArmR 0 NaN -0.09 0.84 ** 
DiaR to DiaL −0.14 0.97 -0.17 1  

Modulatory Inputs 

Left Arm (patient injured Arm) to SmaR-
ArmR 

1.74 1 0.67 1  

Left Arm (patient injured Arm) to SmaR-DiaR 0 NaN 0.24 0.99 ** 
Right Arm to SmaL-ArmL 2.29 1 1.40 0.99  

Breathing to SmaL-DiaL 1.07 1 0.53 1  

Breathing to SmaR-DiaR 0.79 1 0.01 0.55 * 
Direct Input 

Task to SmaL 0.54 1 0.82 1  

Task to SmaR 0.41 1 0.23 1  
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These 4 mechanisms form a neuroplastically transformed motor network which allows the 

patients to move the injured arm via activating a bifunctional diaphragm area. Note that in 

these patients the diaphragm area keeps its original function intact, namely breathing. This 

is also seen in the strong modulation of the SMA-to-diaphragm connections by breathing 

in patients and controls. The group difference found in the right hemisphere might be a 

consequence of the massive overall reorganization of the motor network in patients.  

In addition to the 4 major results, there was also a left-diaphragm-to-arm backward 

connection in the patients winning model. This fact probably reflects the establishment of 

a feedback loop between primary and secondary homuncular arm areas (i.e., the original 

and the new arm representation). Although the DCM results well-fit to our prior task fMRI 

data and also functional connectivity results. 

4.4. Figure out Changes in Structural Connectivity for phrenic nerve patients using 
DTI 

The result in patients with complete brachial plexus avulsions have shown that connecting 

the ending of a denervated musculocutaneous nerve to the side of an intact phrenic nerve 

results in a new double function of the cortical diaphragm area allowing it to control both 

breathing and arm flexion. Furthermore, these changes in FC are confirmed using our DCM 

result [Amini et al., 2018]. The results revealed that this new double function is supported 

by a newly established driving connection from the arm area to the diaphragm area. It is 

unknown, whether this neuroplastic reorganisation is solely due to functional changes or if 

they are also supported by structural changes. Hence, in the last part of present work we 

investigated if these changes are supported by structural changes. Structural changes 

following the neuroplastic reorganization have been investigated with various fMRI 

techniques. DTI as a noninvasive magnetic resonance technique has revolutionized the 

field of mapping of white matter via measuring the random motion of water molecules in 

brain tissue. This technique is based on the extraction and characterization of the changes 

in diffusion anisotropy in the living brain tissue [Beisteiner and Matt, 2015] where the 

diffusion happens to be unequal in all directions. To find out the direct answer to the 
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question, we collected DTI data in brachial plexus avulsion patients and healthy controls 

to investigate possible structural changes following the recovery of arm function. 

4.4.1. DTI preprocessing and statistical analyses 

Data of all participants was obtained using the same on a 3T TIM Trio System (Siemens, 

Erlangen, Germany) using a 32-channel phased array head coil. As mentioned before for 

this measurement the head of each participant was also snugly fixed by an individually 

prepared plaster cast helmet to reduce head movement artifacts (Edward et al., 2000). For 

the anatomical registration a high-resolution T1-weighted anatomical (inversion-recovery) 

images were acquired with TE/TR of 3.02/2190ms, matrix size of 307×320 and voxel 

dimensions of 0.8mm×0.8mm×0.8mm aligned with the AC-PC line. Diffusion data were 

collected with the following parameters: TR/TE = 6900/80 ms, iPAT=2, FOV = 208*208, 

matrix size = 128*128, 60 axial slices were acquired through the brain with a slice 

thickness/gap of 1.6/0. In total 64 gradient directions with b=800 s/mm2 and one image 

with b=0 were acquired in a total imaging time of 8 min 52 s. Functional images were 

collected using a single-shot gradient-echo EPI pulse sequence with the following 

parameters: FOV of 230, TE/TR of 35/2500ms, matrix size of 128×128 and 34 interleaved 

axial slices (1.8 mm thickness, 3 mm gap) aligned with the AC-PC line. Single subject 

brain activation was modeled using a GLM [Grasby and Williams, 1995] with task specific 

regressors representing the eventually ON phases of this specific task, convolved with the 

hemodynamic response function. Eighteen nuisance regressors were added to each session: 

six movement correction parameters and twelve aCompCor regressors. The data were high 

pass filtered with a frequency cutoff period at 128s to remove low frequency drifts. Single 

subject statistical parametric maps were used to define 6 ROIs based on an 8 mm sphere 

centered around the peak activation (p<0.05 FWE) for every participant within the 

following regions: SmaR, SmaL, ArmR, ArmL, DiaR and DiaL. As peak activation varied 

across participants, these ROIs served as functional neuroanatomical basis for the detection 

of individual peak t-value voxels (i.e. 6 peak voxels for the 6 ROIs for every participant).  

Table 4.6 shows the coordinates of each peak from each participant. The voxel position of 

these coordinates served in function “fslmaths” to produce six sphere masks (r = 8 mm) in 

the SmaL, SmaR, ArmL, ArmR, DiaL and DiaR. In addition, two 10 mm hemisphere ROIs 
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were defined in the right and left brain stem comprising the complete pyramidal tract at the 

pons levels. Diffusion data analyze was performed by using the FSL toolbox (FMRIB 

Software Library, Version 5.1; FMRIB, Oxford,United Kingdom), including motion and 

fieldmap for eddy current correction (Smith et al., 2004), creation of a brain mask with 

skull exclusion (Smith, 2002), diffusion tensor reconstruction, estimation of diffusion 

parameters and tractography (FA threshold=0.2, max steps=2000, step length=0.5 mm, 

5000 iteration per voxel). In order to find the connection between our predefined ROIs a 

two-ROI approach with two seed masks was employed, which repeatedly sampled tracts 

from one seed mask, and retained only those tracts that passed through the other seed mask. 

In the connectivity distributions obtained, each voxel value represented the total number 

of the streamline samples passing through that voxel. The connectivity probability maps 

were then created for each participant by dividing the connectivity distributions with a sum 

of way total values, i.e., the total number of generated tracts from one seed mask that have 

reached the other seed mask. This normalization approach allowed for a comparison of 

connectivity probability values across participants; note that the pattern of connectivity did 

not change by this scaling. To remove any spurious connections, pathways in individual 

participants were thresholded to include only voxels that had at least 1 % connectivity 

probability values. Thresholded pathways in each participant were then normalized as 

above and binarized. Volumes and mean diffusivity were calculated for each tract using 

fslstate tools. To allow a group comparison of healthy and diseased arm motor networks, 

the amounts of the right-injured arm patients were flipped. A Two-sample t-test was applied 

for comparing the patient and the control groups. 

The MD value, a quantitative measure of the mean motion of water, is used to detect 

pathological changes in the WM and to describe the microstructural diffusion properties in 

DTI. MD can be expressed in a general form as follows: 

𝐌𝐃 = 𝜆1 + 𝜆2 + 𝜆33 = 𝐷𝑥𝑥 + 𝐷𝑦𝑦 + 𝐷𝑧𝑧3 = 𝑇𝑟𝑎𝑐𝑒3  

Where Dxx, Dyy, Dzz are the diagonal terms of the diffusion tensor. Fractional Anisotropy is 

a scalar parameter of the degree of anisotropy in ranges from 0 (isotropic diffusion) to 1 

(anisotropic diffusion) which are given by: 
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𝑭𝑨 = √32 √(𝜆1 − 𝐷)2 + (𝜆2 − 𝐷)2 + (𝜆3 − 𝐷)2𝜆12 + 𝜆22 + 𝜆32  

 

Where D = (λ1 + λ2 + λ3)/3. To allow a group comparison of healthy and diseased arm 

motor networks, the amounts of the right-injured arm patients were flipped. A Two-sample 

t-test was applied for comparing the patient and the control groups. 

 

4.4.2 The DTI findings; a Novel Type of Primary Cortex Reorganization 

In order to show the activation, we used the group analysis in which displayed in Figure 

4.6. According the figures, within our patients group, the elbow area of the primary motor 

cortex corresponding to the injured upper limb was wholly denervated. Nevertheless, the 

elbow area is fully activated during limb movement after phrenic nerve connection but not 

during breathing. BOLD activation results for the left injured-arm patient’s group shows 

in figure 4.6 A, and the results for the right injured-arm patients group representation in B. 

Our result indicated during forced inspiration artifact levels are increased. For patients, 

with activation of the injured arm the diaphragm area of the non-dominant hemisphere is 

activated and the arm area activation of the dominant hemisphere extends to the diaphragm 

area of the dominant hemisphere (Figure 4.6, yellow circles). Both features are absent when 

activating the healthy arm.  BOLD activation results for the healthy control group 

illustrated in figure 4.6 C. Findings indicate that arm activations are generated in arm areas 

(inverted omega structure) and do not include the phrenic nerve (diaphragm) 

representations (yellow circles) and diaphragm activations do not include arm areas.  
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Figure 4.6. Showing the BOLD activation via group analysis (A) BOLD activation for the left injured-arm 

patients group, (B) BOLD activation for the right injured-arm patients group. Note that, for patients, with 

activation of the injured arm the diaphragm area of the non-dominant hemisphere is always activated and 

the arm area activation of the dominant hemisphere always extends to the diaphragm area of the dominant 

hemisphere (yellow circles). Both features are absent when activating the healthy arm. (C) BOLD activation 

for the healthy control group.  

The result of detection the regions of interest representation in Figure 4.7. This Figure 

showed the eight specified ROIs including SmaR, SmaL, ArmR, ArmL, DiaR, DiaL, right 

and left brain stem. The result of DTI analysis shows a significant (P= 0.0039) increase of 
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volume diffusivity and significant (P=0.0134 decrease of mean diffusivity of the pyramidal 

tract part originating in the diaphragm area of the diseased hemisphere (DiaR). (Figure 4.8 

A and B). The DTI findings extend previous data on functional reorganization of the motor 

system as a consequence of establishing a bi-functional diaphragm area in the primary 

motor cortex (which has to control breathing and elbow flexion). The new demands on the 

diaphragm area are supported by an increase of the corresponding pyramidal tract volume. 

 

Figure 4.7. A schematic representation of the eight specified ROIs (right and left supplementary 

motor areas (SmaR, SmaL), right and left arm area (ArmR, ArmL), right and left diaphragm area 

(DiaR, DiaL), right and left brain stem) and fifteen calculated pathways.  

 

The result of the peak t-value voxels coordinates (x, y and z in mm) for (MNI space) which 

were used to extract the 6 spheres for each subject represented in Table 4.6. The statistical 

threshold was set at P<0.05 with correction of the family-wise Type I error (FEW) at the 

voxel. The DTI findings extend previous data on functional reorganization of the motor 

system as a consequence of establishing a bifunctional diaphragm area in primary motor 

cortex (which has to control breathing and elbow flexion). The new demands on the 

diaphragm area are supported by an increase of the corresponding pyramidal tract volume. 

These data provide the first evidence that adding a new function to a primary motor area 

drives an increase of its corresponding fiber tract volume. 
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We provide the first evidence that adding a new function to a primary motor area drives an 

increase of its corresponding fiber tract volume. As indicated earlier, the basis of the results 

of entire procedure is the neuroplastic reorganization of original arm area and the 

transformed diaphragm area for the elbow in the patients’ brain. Significant to emphasize 

that this type of reorganization occurs within a normal brain in response to peripheral 

pathology. As shown in Figures 4.6, large BOLD signals indicated the arm area is still 

hyperactive even though direct efferences to the injured arm are quite missing. Moreover, 

point out that in this case the connection to the diaphragm area is unique way to transfer 

the arm movement commands. Nevertheless, it is not conceivable to consider this 

hypothesis, whether the interaction between an original and a new arm area really exists 

only with a data analysis of normal task fMRI. According previous research (Fischmeister 

et al., 2020), several ways for central nervous system reorganizations are feasible to allow 

elbow flexion after phrenic-musculocutaneous nerve connection. 

 

Figure 4.8: (A) Numbers show averaged volume in controls (blue numbers) and averaged volume in 

patients (red numbers), (B) Numbers show average mean diffusivity in controls (blue numbers) and 

averaged mean diffusivity in patients (red numbers). The red arrows show the significant differences 

between control and patients. 
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Table 4.6: Below shows the peak t-value voxels coordinates (x, y and z in mm) for (MNI space) 

which were used to extract the 6 spheres for each subject. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SMA Left 
(SmaL)  

SMA Right 
(SmaR)  

Arm M1 Left 
(ArmL)   Arm M1 Right 

(ArmR)   Diaphragm M1 Left 
(DiaL)   Diaphragm M1  

Right  
(DiaR)  

x  y  z  x  y  z  x  y  z  x  y  z  x  y  z  x  y  z  

Patient 1  -6  -6  72  4  -10  72  -34  -28  54  26  -26  64  -20  -30  60  22  -34  56  

Patient 2  -2  -2  72  2  -2  72  -28  -32  66  28  -28  62  -16  -32  66  20  -24  66  

Patient 3  -2  -2  72  4  -2  72  -28  53  71  34  52  71  -18  -26  64  10  -26  72  

Patient 4  -8  -4  48  2  -10  56  -26  -24  62  30  -24  64  -20  -26  72  22  -26  66  

Patient 5  -4  -10     72  8  -4  72  -26  -28  70  26  -26  72  -8  -34  66  10  -28  62  

Patient 6  -4  -18     62  2  -8  60  -32  -32  60  30  -34  64  -16  -34  70  10  -32  66  

Control 1  -10     -8  68  10  -4  70  -26  -30  62  30  -28  68  -18  -30  66  16  -26  66  

Control 2  -10 -8  70  10  -4  70  -28  -24  60  32  -22  58  -16  -32  60  22  -28  60  

Control 3  -2  -12     66  6  -10  64  -24  -24  60  28  -26  60  -16  -28  68  16  -26  68  

Control 4  -2  -16     58  4  -4  58  -30  -28  58  30  -24  66  -14  -26  64  16  -22  64  

Control 5  -8  -4  64  4  4  68  -28  -26  70  34  -22  70  -16  -28  62  18  -26  62  

Control 6  -8  -8  64  2  -4  64  -28  -30  54  28  -26  60  -20  -26  62  16  -24  68  

Control 7  -4  -10    58  4  -4  64  -34  -26  58  30  -24  62  -22  -34  60  22  -30  64  

Control 8  -4  -8  58  6  -12  52  -28  -26  58  32  -20  54  -24  -24  58  26  -28  58  

Control 9  -2  -8  68  8  -12  70  -22  -26  58  26  -28  66  -16  -38  56  16  -34  66  

Control 10  -10    -2  70  4  8  64  -32  -24  66  30  -26  52  -12  -32  66  20  -20  66  

Control 11  -2  -6  54  4  0  52  -28  -24  54  28  -24  62  -22  -32  58  22  -28  56  

Control 12  -6  -4  70  8  -4  70  -30  -26  62  32  -26  66  -16  -30  64  20  -28  64  
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However, it is unknown, whether this neuroplastic reorganization is also supported by 

structural changes. To investigate the structural connectivity and the structural changes 

following the recovery of arm function, a DTI analysis is required. Our data indicate that 

this new structural reorganization between the arm and the diaphragm area clearly occurs 

to control breathing and elbow flexion.  

The effective structural connectivity results elucidate how the new motor network situation 

works in patients with musculocutaneus-phrenic nerve connections. The considerable 

biology process is the generation of a driving input to the new arm output area, i.e., the 

right diaphragm area. Result suggested a group difference in the right hemisphere due to 

the massive overall reorganization of the motor network in diseased group. One of the more 

significant findings to emerge from this study is that the output of two main diffusion 

indices shows a significant volume diffusivity increase and significant MD decrease of the 

pyramidal tract part originating in DiaR of the diseased hemisphere (Fig. 8.4 A, B). In 

white matter, lower mean diffusivity shows greater structural connectivity (Rae et al., 

2015). On the other hand, one of the most important misinterpretation in DTI data is about 

the MD and volume diffusivity results. Generally considered, higher MD and lower volume 

diffusivity values shows damaged or impaired fiber integrity due to increased diffusion and 

loss of coherence on preferred movement direction. However, this is not always true. In 

fact, depending on the brain region, cellular basis, and sample studied (specific disease 

processes, developmental conditions), unusually high or low indices may indicate 

dysfunction or not (Hoeft et al., 2007; Thomason et al., 2010).  

 

5. Conclusion 

A disturbance of arm functions can occur as a result of various lesions within the central 

and/or peripheral nervous system. To advance therapeutic progress, a comprehensive 

understanding of the neuroplastic mechanisms which allow restoration of upper limb 

function after such a disturbance is essential. There is already a large body of functional 

neuroimaging literature on the flexibility of cortical reorganization in response to central 

nervous system damage. Typical mechanisms include an overactivation of secondary brain 
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areas or of homologous (contralateral to the damaged side) brain areas, and a changed 

pattern of driving/inhibiting interactions within the somatosensory network or the motor 

network. Such cortical reorganization even occurs in the case of extreme central nervous 

system damage such as hemispherectomy. In contrast, only few neuroimaging studies exist 

on cortical reorganization in response to peripheral nervous system damage. With 

peripheral damage brain neuroplasticity is not induced by brain lesions—instead, the 

changed information flow between the somatic periphery and the brain constitutes the 

driving factor. It is important to note that neuroplasticity in response to peripheral nerve 

injury happens in a completely healthy brain. Neuroplastic changes are mostly found in 

non-primary brain areas but can also involve functional changes of primary somatosensory 

and primary motor areas contra- and ipsilateral to the injured limb. This is interesting since 

primary motor areas are highly specialized cortices, with dedicated somatotopy; for 

instance, even movements of single fingers are functionally separable by fMRI. Since 

possible mechanisms for neuroplastic changes following peripheral damage are not well-

understood, hence we investigated the mechanisms underlying the re-establishment of arm 

function via a doubled arm representation in the primary motor cortex. A combination and 

adaption of three technical methods were found to be appropriate to explore the 

reorganization of active brain regions.  

To study the functional connectivity, we investigate which functional connectivity changes 

underlie this transformation of a monofunctional into a bifunctional primary motor area 

after peripheral trauma. FMRI effective/functional connectivity and structural changes 

within the motor network were compared between a group of patients and age-matched 

healthy controls (6 patients and 12 healthy controls). Our study includes about 25% of 

existing patients. It is important to realize that these patients represent a unique 

pathophysiological model, and the new type of intracortical connectivity changes could not 

have been detected with other patient groups. Note also, that the connectivity changes 

described were found in every single patient which renders it likely that the results are 

representative for this peripheral reconstruction type. Since interindividual functional 

variability in patients may be large and might complicate clinical group analyses, we 

focused on individual patient results and the influence of experimental or post-processing 
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related noise was minimized using ultrahigh field data with improved signal to noise ratio 

and an analysis which excludes brain normalization steps. Our results show functional 

connectivity values are considerably increased between the diseased arm and the bilateral 

diaphragm areas while trying strong muscle tension in the diseased arm as compared to the 

healthy arm. This effect was not found as compared to the healthy arm in the patient group. 

This connectivity was stronger between ipsilateral than between corresponding 

contralateral brain regions. No corresponding differences were found in healthy subjects. 

Our data suggests that the increased functional connectivity between the deprived arm area 

and the diaphragm area drives biceps muscle function. From this findings we infer that this 

new rehabilitative mechanism in the primary motor cortex may establish new 

intrahemispheric connections within the brain and the motor cortex in particular to reroute 

the output of a completely denervated motor area. 

The next part, we investigate the details behind this peripherally triggered reorganization, 

which happens in healthy brains using DCM analysis. fMRI effective connectivity changes 

within the motor network were compared between a group of patients and age matched 

healthy controls at 7 Tesla. Results show the establishment of a driving input of the 

denervated arm area to the diaphragm area which is now responsible for arm movements. 

The findings extend current knowledge about neuroplasticity in primary motor cortex: a 

denervated motor area may drive an auxilliary area to reroute its motor output. 

The last part deals with investigation the structural connectivity. The DTI findings extend 

previous data on functional reorganization of the motor system as a consequence of 

establishing a bifunctional diaphragm area in primary motor cortex (which has to control 

breathing and elbow flexion). The new demands on the diaphragm area are supported by 

an increase of the corresponding pyramidal tract volume. These data provide the first 

evidence that adding a new function to a primary motor area drives an increase of its 

corresponding fiber tract volume. Interestingly, the DTI results well-fit to our prior task 

fMRI data and also with our dynamic causal modeling results. Interestingly, the DTI results 

well-fit to our prior task fMRI data and also to DCM study [Amini et al., 2018].  
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A limitation of our study is the low sample size due to the limited number of available 

patients with this type of surgery and the reason is that, this type of surgery is rare and only 

a few patients are available worldwide. Consequently, patient inclusion is difficult and 

patients originate from various countries, partly quite distant from the investigation center. 

Whenever clinically possible, standard procedures are preferred for surgery. Our study 

includes about 25% of existing patients. It is important to realize that these patients 

represent a unique pathophysiological model, and the new type of intracortical connectivity 

changes could not have been detected with other patient groups. Note also, that the 

connectivity changes described were found in every single patient which renders it likely 

that the results are representative for this peripheral reconstruction type. Since inter 

individual functional variability in patients may be large and might complicate clinical 

group analyses, we focused on individual patient results (Vandenbroucke et al., 2004) and 

the influence of experimental or post-processing related noise was minimized using 

ultrahigh field data with improved signal to noise ratio (Beisteiner et al., 2011) and an 

analysis which excludes brain normalization steps. Another limitation concerns the fact, 

that due to their paresis, patient’s abilities for cooperation are limited and this resulted in 

some deviations from existing DCM recommendations (Stephan et al., 2010). Particularly, 

application of a robust and blocked experimental design was required, which allowed 

pausing for the patients after each of the 140 s-runs [compare Beisteiner et al., 2017]. 

In conclusion, our results provide first evidence, that peripheral nervous system 

reconstruction can evoke complex effective connectivity, functionality and structurally 

changes within the motor homunculus of healthy brains. Specifically, an essential cortex 

area is able to reroute its output via an auxiliary area to sustain its original motor function. 

This extends current knowledge about the capabilities for functional and structural 

reorganization in the primary motor cortex. 
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