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AbstractAbstractAbstractAbstract    
Introduction 

Almost 7% of all babies in the Netherlands is born premature (before 37 weeks of gestation). Although 

the mortality rate of preterm infants has decreased over the last decades, they remain at high risks for 

white matter (WM) injuries and subsequent neurodevelopmental deficits. Especially the very preterm 

group born before 32 weeks of gestational age is prone to injuries. Neuroprotective care would be 

beneficial for these infants. Care can be improved by a better understanding of WM morphology and 

maturation. Maturation is often defined as the myelination of WM fibers, which alter the diffusional 

properties of the tissue. The aim of this study is to investigate how the diffusional properties change 

during maturation, and the effects that white matter injuries have on them.  This is done by 

investigating the how the degree of prematurity is related to diffusional properties and to white matter 

injuries. In order to better understand the results, a model is made to simulate the diffusion through 

the white matter fiber tissue. It is hypothesized that by comparing the different gestational age (GA) 

groups at the same post-menstrual age, risks related to the degree of prematurity can be identified. 

Methods and model                    

The study population consists of three GA groups; very preterm, late preterm and term born infants. 

Maturation of white matter can be expressed in diffusional properties measured by diffusion tensor 

imaging (DTI). All patients undergo these scans as part of regular routine around term equivalent age, 

defined as 40 ± 3 weeks post-menstrual age (PMA). In this data WM fiber structures are segmented 

manually with a multiple region-of-interest method, part of a Philips software tool (DTI FiberTrak, MR 

Extended Workspace). For significant correlations between parameters and PMA, data is corrected to 

reflect the value at 40 weeks PMA. The investigated parameters are the apparent diffusion coefficient, 

radial and axial diffusivity, and fractional, relative and case linear anisotropy, and bundle volume. To 

better understand the white matter development and how this alters the diffusional properties, an 

analytical model is used to simulate the MR signal through WM tissue. 

Results 

In general, the diffusivity parameters decrease, and anisotropy parameters and volume increase with 

increasing GA, when measured at term equivalent age. For white matter injuries, the anisotropy and 

volume decrease, and diffusivities increase with increasing GA, which is the other way around as for 

normal maturation. Significant relations were found between increasing diffusivity and decreasing 

volume for increasing white matter injuries. Symmetry was tested for the left and right structure of 

the ALIC and PLIC. The ADC in the left PLIC was lower than in the right, and volume in the left PLIC was 

higher than the right PLIC. Yet for the ALIC the volume was lower in the left structure than in the right. 

The results from the model simulating diffusion through white tissue depicted a change in anisotropy 

and diffusivity parameters due to the addition of myelin representing maturation. 

Conclusion 

Maturation can be seen in different GA groups when compared at term equivalent age. For increasing 

GA, the anisotropy values increase and diffusivity values decrease, as they would for normal 

maturation. Thus, will the degree of prematurity reflect in DTI parameters when comparing at the 

same term equivalent age. Increasing ADC and decreasing volumes were found for increasing white 

matter injury. For the very preterm group asymmetry within the brain was found, by comparing the 

left and right ALIC and PLIC. As this was not the case for late preterm and term-born infants, asymmetry 

is most likely due to a strong degree of prematurity. In the model myelin was implemented as an axonal 

membrane with permeability and by changing the intracellular fluid fraction. Myelin did affect the 

signal visibly. Increase in myelin depicted normal maturation in DTI parameters, suggesting the 

implementation of myelin was done correctly.  
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1111 IntroductionIntroductionIntroductionIntroduction    

1.1 Adverse neurodevelopmental outcome in preterm infants1.1 Adverse neurodevelopmental outcome in preterm infants1.1 Adverse neurodevelopmental outcome in preterm infants1.1 Adverse neurodevelopmental outcome in preterm infants    

In 2016 almost 7% of all babies in the Netherlands was born premature, having a gestational age of 

less than 37 weeks. More specifically, 1.5% is born very preterm with a gestational age less than 32 

weeks, and 5.5% is born late preterm with a gestational age between 33 and 37 weeks [1]. Although 

the mortality rate of prematurely born babies has decreased over the last decades, they are prevalently 

associated with high risks for neurodevelopmental deficits [2] [3] [4]. 

Preterm infants with a lower gestational age have higher risks at adverse neurodevelopmental 

outcome compared to term-born infants and they are especially susceptible to white matter injuries 

compared to grey matter injuries [5] [6] [7]. Studies suggest there is a correlation between maturation 

of specific white matter fiber structures and neurodevelopmental outcome. Subsequent 

neurodevelopmental disorders of brain injuries in preterm infants include both cognitive and motor 

disabilities later in life [2] [7] [8] [9]. The most common method to measure outcome is with the Bayley 

scales of infant and toddler development [10] [11] [12] [13] [14]. This test assesses the 

neurodevelopmental outcome at two years corrected age, rating cognitive and motor skills. Other 

tests, like the Griffiths mental development scales, are also widely used for diagnosing 

neurodevelopmental outcome. 

For the preterm infant to be able to ultimately benefit from neuroprotective care, it is key to identify 

brain injuries at an early stage. Finding a biomarker which can provide information about the 

maturation of the brain and predict neurodevelopmental outcome is therefore very important. 

    

1.2 Measuring maturation of the brain1.2 Measuring maturation of the brain1.2 Measuring maturation of the brain1.2 Measuring maturation of the brain    

Since white matter injuries are prevalent in preterm infants it is important to investigate the structure 

and maturation of white matter in the brains of preterm infants, and understand the changes which 

are observed in the case of white matter injuries. Diffusion tensor imaging (DTI) is a noninvasive 

neuroimaging technique which makes it possible to look at white matter fiber structures. It is a 

magnetic resonance imaging (MRI) technique based on the measurement of the displacement of water 

molecules in a tissue. Diffusivity and anisotropy parameters calculated from DTI can indicate preferred 

water displacement direction and, in this way, provide information about underlying fiber structures. 

The apparent diffusion coefficient (ADC) is one of many DTI parameters; it reflects the overall average 

water displacements and appears to be a sensitive marker to detect brain injury or investigate brain 

development. As white matter axon fibers mature, they become packed with myelin sheaths; a process 

called myelination. This causes a constraint in the free diffusion of water perpendicular to the axon 

fibers [15]. Parallel to the axon fibers the ADC values are therefore higher than perpendicular to them. 

With increasing maturation the ADC values decline, likely due to aforementioned changes in tissue 

organization [16]. 

Another DTI parameter that indicates a favored diffusion direction is anisotropy. Fractional anisotropy 

(FA) for instance is a measure for the local diffusion asymmetry. Anisotropy values increase steadily 

when the brain matures, particularly when the axons become myelinated and restrict water diffusion 

perpendicularly to the axons [16]. And although there are many different descriptions of water 

diffusion anisotropy, they are all related to one another [17]. Tractography is a technique that 

visualizes the main diffusion pathways and is also called fiber tracking. It is based on streamline tracing 

and used to identify white matter fiber tracts. Axonal white matter fiber tracts can thus be visualized 

using diffusion tensor imaging [18]. This can be used for segmentation of white matter fiber structures. 
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Figure 1: Timeline depicting how gestational age (GA) groups are defined and at what moment in the timeline the brain scan 

is made. All scans are made around term equivalent age, which equals a postmenstrual age (PMA) of approximately 40 weeks. 

The PMA is defined as gestational age plus chronological age. The brain images depict the development and gyration with 

increasing GA. Brain images from Counsell et al. (2003) [19]. Abbreviations: VP = very preterm; LP = late preterm; TEA = term 

equivalent age. 

 

White matter fiber structures are known to myelinate asymmetrical during development of the brain 

[20]. This will reflect in different diffusion and anisotropy values per brain region when measured at 

the same moment, which for this research is at term equivalent age, or approximately at 40 weeks of 

gestation. For a schematic representation of scan moment in the timeline, see Figure 1. The image also 

depicts the development of gyration in the brain for increasing gestational age. 

As the tissue organization changes with maturation, the gestational age will influence diffusivity and 

anisotropy values. All infants are scanned around term equivalent age, and thus having the same length 

of time for development. This way the maturation in different gestational age groups can be compared 

to each other. 

    

1.3 Aim of this thesis1.3 Aim of this thesis1.3 Aim of this thesis1.3 Aim of this thesis    

The aim of this study is to characterize white matter maturation by investigating how the degree of 

prematurity affects development, and how prematurity is related to white matter injuries. Firstly, in 

order to understand maturation of white matter and how this alters DTI parameters, the underlying 

microstructure of the brain is modelled to provide insights into changes relating to maturation. 

DTI parameters of white matter structures are analyzed for different gestational age groups. The effect 

of white matter injuries on DTI parameters will be examined as well. It is important to know what white 

matter structures are important to investigate, as some are known to influence the 

neurodevelopmental outcome. A systematic literature review will show which white matter structures 

are important, and how their DTI parameters relate to outcome. 

Secondly, the underlying microstructure of the brain is modelled to investigate how maturation 

changes DTI parameters. Maturation is modelled as the myelination of axons. The model must 

therefore be able to modify volume fractions of intra- and extracellular spaces, and changes in diffusion 

coefficients to simulate the water constriction due to myelin sheaths. Previous studies modelling the 

underlying brain white matter structure are compared to justify the choice for the analytical three-

compartment model used in this research. 
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In this thesis some general background information will be given about the brain and how it matures. 

The relevant theory about DTI will be explained. Moreover, a systematic literature review will show 

how maturation and/or injuries of specific white matter structures are associated with 

neurodevelopmental outcome. Thereafter, a general overview is given for models simulating diffusion 

through a tissue in order to find a suitable model for this research. This model is discussed and 

explained. Finally, combining the results of the white matter analysis and the model will determine 

whether myelination is a good measure for maturation in preterm and term-born infants. 
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2222 The human The human The human The human brainbrainbrainbrain    
The human brain is a part of the central nervous system and is a remarkable and complex organ of the 

human body. All neurological and motor functions are controlled by constantly processing thousands 

of sensory and cognitive inputs in the brain simultaneously. This chapter will describe how the brain 

works in more detail and go further into brain tissue organization and the changes that occur during 

development of the brain. 

    

2.1 Grey matter and white matter2.1 Grey matter and white matter2.1 Grey matter and white matter2.1 Grey matter and white matter    

Brain tissue can be roughly divided into grey matter (GM) and white matter (WM). As can be seen in 

Figure 2 grey matter is located mainly on the outer surface of the brain, called the cerebral cortex. It 

consists primarily of neural tissue, which is composed of neuron cell bodies, dendrites, glial cells and 

blood vessels. White matter, located internal to the cerebral cortex, consists mostly of neurons and 

glial cells. The glial cells surround the neurons and wrap them in myelin, resulting in myelinated neuron 

fibers in the brain white matter [21]. 

 
Figure 2: Transverse-oblique slice of the human brain 

showing the division of gray matter and white matter. Gray 

matter is located mainly on the outer surface and white 

matter is located internal to this [22]. 

 
Figure 3: White matter fiber tracts of the cerebral 

hemisphere. Parasagittal section showing the association, 

commissural and projection fibers, classified according to 

direction [21]. 

 

The neuron fibers connect different regions in the brain, both within and between the left and right 

hemispheres (see Figure 3). Classification of the fibers is done according to their direction. Association 

fibers connect parts within the same hemisphere; commissural fibers connect corresponding grey 

matter areas from both hemispheres so they can function together as a whole; and projection fibers 

sent sensory information to and motor output from the cerebral cortex [21]. 

    

2.2.2.2.2222    Brain tissue organizationBrain tissue organizationBrain tissue organizationBrain tissue organization    

As mentioned previously the brain white matter’s two principal cells are the neurons and (neuro)glia. 

Extracellular space makes up less than 20% of the total brain volume, which means brain tissue is highly 

cellular. In Figure 4 a microscopic cross section of white matter shows the high number of cells. Glial 

cells outnumber the number of neurons in the central nervous system by about 10 to 1, but they are 

much smaller.  Figure 5 shows a schematic representation of white matter with neurons and glial cells. 

The total neuron number in the newborn brain has been found equal in the adult brain, but the amount 

of glial cells are substantially lower than in adults [23]. The increase in total number of glial cells from 

20 weeks of gestation to term is almost three times [24]. 
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Figure 4: Electron micrograph of white matter (the midbody 

of the corpus callosum). Apparent is the wide range of fiber 

sizes and that the extracellular space is small compared to 

the amount of space consisting of cells. Bar = 10 µm [25]. 

 

Figure 5: Structure of white matter consisting mostly of 

neurons and glial cells. The long structures are the neuronal 

axon fibers and the small structures in the extracellular 

space represent the glial cells. in the right image, the fibers 

are shown wrapped in myelin, depicted by the white layer 

surrounding the axons. Image adjusted from Dubois et al. 

(2007). 

The neuroglia can be categorized in four different types of glial cells: astrocytes, microglial cells, 

ependymal cells and oligodendrocytes. Astrocytes are the most abundant of the glial cells. They have 

structural features that make them suited to control the extracellular environment of the neurons and 

anchor them to their nutrient supply lines. Microglial cells function as the immune system in the brain 

by protecting neurons from invading microorganisms. The ependymal cells form a permeable barrier 

between the cerebrospinal fluid in the central cavities of brain and spinal cord and the fluid of the 

extracellular space. And the oligodendrocytes form the myelin sheaths that wrap around the axons for 

insulation and protection. They can form a segment of myelin for several adjacent axons [21] [26] [27] 

[28]. 

Diameters of the neurons cell body range from 5 to 140 µm. As became readily apparent from the 

microscopic cross-section of the midbody of the corpus callosum (Figure 4), the myelinated brain axon 

diameter is highly variable, ranging from 0.5 to 10 µm [25] [29]. A study conducted by Liewald et al. 

(2014) investigated three human brains and determined the mean axon diameters for different white 

matter structures. They found a mean white matter axon diameter approximating 1 µm, but this is 

dependent on brain region and age [30]. For example, other studies have shown that the mean axon 

diameter in the corpus callosum is closer to 3 µm [25] [29]. 

Not only axonal morphology is highly variable, but axon lengths vary as well. Ranging between 1 

millimeter to as long as 1 meter, their length depends on the function in the nervous system. A bundle 

of axon fibers forms a nerve tract. 

    

2.3 Myelination2.3 Myelination2.3 Myelination2.3 Myelination    and development of the brainand development of the brainand development of the brainand development of the brain    

The axon fibers can be protected by surrounding myelin sheaths, which are composed of a mixture of 

20% proteins and 80% lipids and resembles the axonal plasma membrane material [27] [28]. This fatty 

substance is what gives white matter its typical white color. The development of the human brain 

starts in the womb. The embryonic development starts with a neural tube containing a neural canal at 

only 4 weeks of gestation. This canal will later form the ventricles of the brain. By week 5 the neural 

canal has differentiated into secondary brain structures. And at 6 months, or approximately 26 weeks 

of gestation, the continuous growth of the hemispheres leads to folding into convolutions allowing 

more neurons to occupy the brain [21]. This volumetric growth is an easy measure for development 

but does not give information about the internal structure of the brain. Myelination is the last stage of 

white matter development, and it visualizes the developmental progress of white matter. 
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Figure 6: The oligodendrocyte wraps the axon in fatty myelin sheaths, also called axonal packing. It can form one segment of 

myelin for several adjacent axons. The interior of the axon consists of microfilaments and microtubule for structure and length. 

Image from [31]. 

 

Myelin sheaths act as an electrical insulation layer to speed up the transport of information and thus 

improve brain connectivity [21] [26]. In Figure 6 the axonal packing in myelin sheaths is shown. The 

interior of the axon contains microtubules and microfilaments giving the axon its structure and length 

[31]. 

Also the amount of myelin depends on age and brain region. The volumetric percentage of myelin in 

the brain increases from about 0.2 to 13% for ages between 0 and 15 years. The most rapid increase 

in myelination occurs in the first 2 years, and the slope flattens after a few years, so 13% is a normal 

adult myelin volume percentage in the brain [32]. Studies investigating myelination have tried to 

determine myelin thickness. It was found that myelin sheath thickness is regulated for each axon 

separately, and that there is a strong correlation between axon diameter and myelin thickness [33]. 

Measured in a white matter structure in a monkey, the myelin thickness was approximately 20% of the 

axon thickness [30]. 

Since myelin acts as an extra layer around the axon, it has effects on diffusion in the brain. Diffusion 

tensor imaging (DTI) is sensitive to diffusion and can therefore be used to measure the maturation in 

terms of myelination. Examples of DTI parameters measuring the brain maturational changes are the 

apparent diffusion coefficient and relative anisotropy. Neil et al. already showed in 2002 that these 

parameters change with age: the apparent diffusion coefficient decreases and the relative anisotropy 

increases with age (see Figure 7) [17]. These changes arise from myelination of the axon fibers. 
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Figure 7: Plots of the changes in the average apparent diffusion coefficient (Dav or ADC) and relative anisotropy (RA) of the 

anterior and posterior limbs of the internal capsule vs age. The data used for these images includes preterm values starting 

at 26 weeks of GA, but in the plots an age of 0 years is coherent to 40 weeks GA. Early in life the average apparent diffusion 

coefficient is high, but decreases rapidly in the first few months of life. The opposite is true for the relative anisotropy, which 

increases rapidly in the first few months of life [17]. 

 

Myelination is important in the development of the brain, but is said to contribute only 20% to 

anisotropy [15]. Structural axonal features and membrane permeability to water also play an 

important role [15]. Myelination begins at approximately 20 weeks gestation and develops in a 

nonlinear fashion, different for all white matter structures. Some regions are myelinated earlier than 

others and in general the sensory tracts will myelinate earlier than motor tracts, and projection fibers 

before association fibers. A summary of the time-line of white matter development during the preterm 

period and the first post-natal months can be provided from post-mortem investigations and in vivo 

MRI studies, see Figure 8. The growth and wiring of axonal fibers occurs mostly during the preterm 

period, whereas myelination occurs mostly in the post-natal period [34]. Not all studies can agree on 

the exact timeline of myelinization and when different structures start their myelination process. 

Yakovlev et al. (1967) for example made a similar overview depicting myelination of brain structures 

over time, but showed more structures myelinating in the gestational period (before 40 weeks of 

gestational age) [35]. 

Moreover, other studies have also ambiguous results on the rate of myelination. From the timeline 

depicted in Figure 8 it appears that the body of the corpus callosum myelinates before the splenium 

and the genu of the corpus callosum, but it has also been stated that the genu and splenium of the 

corpus callosum will myelinate before the mid body of the corpus callosum does [20]. The internal 

capsule myelinates relatively early, and there are indications that the ALIC might be less mature than 

the PLIC at first, but appears to be one of the most rapidly developing white matter regions at near-

term age [3]. This makes it an interesting structure to examine between very preterm and late preterm 

infants, and see if the gestational age will have an influence on the maturation hereof [20]. 
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Figure 8: General time-line for WM development summarized across WM bundles according to post-mortem investigations 

and MRI studies. The developmental mechanisms are growth, pruning and myelination of axon fibers, during preterm and 

post-term periods. The red-bordered arrows refer to the myelination process of the structure. Abbreviations: AF = arcuate 

fasciculus; ALIC = anterior limb of the internal capsule; CC = corpus callosum; CG = cingulum; CR = corona radiata; CST = cortico-

spinal tract; EC = external capsule; FOF = fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; PLIC = posterior limb 

of the internal capsule; OR = optic radiations; SLF = superior longitudinal fasciculus; STT = spino-thalamic tract; UF = uncinate 

fasciculus. Image from Dubois et al. (2014) [34]. 
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2.2.2.2.4444    White matter fiber structuresWhite matter fiber structuresWhite matter fiber structuresWhite matter fiber structures    

White matter is categorized based on fiber directions, but can be segmented in specific white matter 

fiber bundles. Most of the main white matter fiber structures per category are shown in Figure 9. 

The structures further examined in this research are the corpus callosum (CC), the genu and splenium 

of the corpus callosum (respectively the anterior and posterior part of the CC), the fornix (FX), and the 

anterior and posterior limb of the internal capsule (ALIC and PLIC respectively). Motivation for this 

selection is based on a literature review which can be read in chapter 4. 

 

 

Figure 9: Most of the main white matter fiber structures in the brain, shown per category of bundle type. As the infant’s head 

is looking left, left is anterior and right is posterior. Each bundle color associates to the names below in the same color. 

Visualised tracts are the myelinated tracts. For adults the structures are fuller. Abbreviations: AF = arcuate fasciculus; ALIC = 

anterior limb of the internal capsule; CC = corpus callosum; CG = cingulum; CR = corona radiata; CST = cortico-spinal tract; EC 

= external capsule; FOF = fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; PLIC = posterior limb of the internal 

capsule; OR = optic radiations; SLF = superior longitudinal fasciculus; STT = spino-thalamic tract; UF = uncinate fasciculus. 

Image adjusted from Kulikova et al. (2014) [36]. 

 

Corpus callosum, genu and splenium 

The corpus callosum (CC) is the largest white matter tract and is located superior to the ventricles, very 

central in the brain (see the gray and black structure in Figure 9). This commissural tract connects both 

hemispheres. The genu and splenium are respectively the anterior and posterior part of the corpus 

callosum and a schematic representation of the CC regions is shown in Figure 10, with a corresponding 

image of the CC on a fractional anisotropy (FA) color map in Figure 11. The anterior 1/3rd of the CC is 

defined as the genu and the posterior 1/5th as the splenium.  
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Figure 10: Corpus Callosum sub regions. 1. Rostrum; 2. Genu; 3. 

Rostral body or posterior genu; 4. Anterior midbody; 5. Posterior 

midbody; 6. Isthmus, and 7. Splenium. Based on division of the 

longest anteroposterior (A-P) line. The posterior 1/5th of the 

corpus callosum is the splenium, and the anterior 1/3rd of the 

corpus callosum is the genu [37]. 

 

Figure 11: FA color map of an infant’s brain, in the 

same orientation as in Figure 9 and Figure 10 (left is 

anterior, right is posterior). The CC is the red structure 

in this midsagittal slice. 

 

The corpus callosum plays a vital role in problem solving strategies, verbal processing speed and 

executive performance. Affected corpus callosum development can result in adverse outcomes of 

cognitive function, particularly in verbal and visual memory [38] [39]. 

 

Fornix 

The fornix is another commissural fiber structure and its body is located underneath the CC (fornix is 

the purple structure in the right image in Figure 9). It makes a characteristic C-shaped curve (Figure 

12). The body of the fornix travels anteriorly and divides into two legs close to the anterior commissure 

(ac), which is used as an anatomical landmark. The two legs are known as the crus or crura of the fornix. 

The fornix acts as a major output tract of the hippocampus, which is known to play an important role 

in information storage in the brain from short-term to long-term, and in spatial memory enabling 

navigation and orientation [40]. 

 

 

 

Figure 12: The fornix C-shape. Left: schematically drawn fornix. Right: fiber tracked fornix. For orientation in the human brain, 

left is posterior, and right is anterior. [40] 
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The anterior and posterior limb of the internal capsule 

The internal capsule has an anterior and a posterior limb (ALIC and PLIC respectively). Their fibers run 

both in ascending and descending directions (Figure 13: Transverse plane of the brain shows the 

internal capsule fibers. In a transverse slice they form V-shape, see red fibers in left image. The fibers 

run to and from the motor area of the cortex. The blue fibers in the right image show the sensory 

pathways lying in the same region .Figure 3), going to and from the cerebral cortex, located on the 

surface of the brain and important for memory and cognition [21]. A transverse plane shows how the 

fibers form a V-shape, going to the cerebral cortex (see Figure 13) [40]. 

 

 

Figure 13: Transverse plane of the brain shows the internal capsule fibers. In a transverse slice they form V-shape, see red 

fibers in left image. The fibers run to and from the motor area of the cortex. The blue fibers in the right image show the sensory 

pathways lying in the same region [40].  

 

The fibers in the region of the genu are named the geniculate fibers; they originate in the motor part 

of the cerebral cortex and can transmit information from and to the brain stem and spinal cord. White 

matter injury in this area can cause contralateral loss of voluntary movement. Sensory pathways run 

along the motor pathway and can therefore also be affected when the internal capsule is damaged or 

underdeveloped, causing conscious somatosensation [41]. 

Since the ALIC and the PLIC have their own structure in the left and right hemisphere, it is good to 

understand the functions each hemisphere has. In this way it is easier to understand 

neurodevelopmental outcome and correlate it to maturation or damage in these structures. The left 

hemisphere is the verbal or analytic side of the brain, used for logic thinking. When this side of the 

brain is damaged, impairments can be inability to plan motor tasks and difficulty in producing or 

comprehending speech. The right hemisphere is responsible for nonverbal abilities, like hand-eye 

coordination, spatial relationships or understand nonverbal communication. Specific deficits that can 

be observed when the right hemisphere is damaged are poor judgement, unrealistic expectations and 

lethargy [41].  
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3333 Diffusion TensoDiffusion TensoDiffusion TensoDiffusion Tensorrrr    ImagingImagingImagingImaging    
Diffusion tensor imaging (DTI) is an advanced MRI technique that measures the diffusion rate of water 

in tissues. It is based on the nuclear magnetic moment, which is a quantum mechanical property of a 

nucleus. However, the applications described in this chapter can be explained with standard classical 

mechanics. This chapter will give a brief overview on the basic principles of MRI, diffusion and DTI 

which will suffice to understand how the data is generated. Haacke et al. wrote a book explaining the 

MRI basics, but also discusses the quantum mechanical approach [42]. Furthermore, they explain more 

about MRI sequence parameters. For more information on Diffusion Tensor Imaging, the basics, 

measurements and application, the textbook from Mori and Tournier is recommended [43]. 

    

3.1 3.1 3.1 3.1 MMMMagnetic resonance imagingagnetic resonance imagingagnetic resonance imagingagnetic resonance imaging    

In this section the basic principles of magnetic resonance imaging (MRI) are explained. 

Precession 

Nuclear magnetic resonance occurs when a nucleus having a magnetic moment is positioned in a static 

magnetic field B0. The nucleus with magnetic moment � precesses around B0, which is usually aligned 

with the z-axis, with a movement described by [44]: ���� = ��	 × 		
 
(3.1) 

  

where �  represents the gyromagnetic ratio of its magnetic moment as a result of its angular 

momentum (Figure 14). The precession rate depends on the strength of the applied magnetic field 

according to: 

�� = �2� = �2��� (3.2) 

  

with �� the Larmor frequency. The gyromagnetic ratio differs between nuclei. For hydrogen �	� , the 

most commonly used in NMR as it is abundant in the human body, �/2� = 42.58	���/�����.  

Magnetic resonance imaging is based on the magnetic properties of tissues and visualizes the 

interaction between the magnetization vector � of a nuclear spin and the magnetic field. 

 

Figure 14: Larmor precession of a nuclear magnetic moment in a magnetic field. 



18 

 

Each spinning nucleus (called spin for short) aligns with the magnetic field, either parallel or anti-

parallel. In a stronger magnetic field more spins will align in its direction, adding up to a net 

magnetization vector   parallel to the static magnetic field. The net magnetization   resulting from 

the sum of all magnetic moments �!  is: 

 ="�!!  (3.3) 

  

For magnetic resonance imaging a radio frequency (RF) pulse manipulates the magnetization by 

introducing a magnetic field B1. This will tip the magnetization vector out its equilibrium position with 

a flip angle α, resulting in a precession movement around this magnetic field direction. Since the RF 

pulse pushed the vector against the equilibrium position, once the RF pulse is turned off, the hydrogen 

protons and therefore the magnetization vector, relaxes back to equilibrium in direction of magnetic 

field B0. The movement of the magnetization vector can be detected and is used to differentiate 

various tissues based on how quickly they relax back to equilibrium position after the pulse is turned 

off. 

 

Relaxation 

Return of the spins to their equilibrium position after an RF-pulse is called relaxation and the time it 

takes is tissue dependent. The longitudinal spin-lattice relaxation time is the time spins need to 

exchange energy with its surroundings. The transverse spin-spin relaxation time is the time in which 

spins dephase due to interactions with each other on a molecular scale.  

Spin-lattice relaxation is the return of the net magnetization vector �#  parallel to the field with a 

characteristic relaxation time ��, and spin-spin relaxation is the decay of the transverse component �$% with characteristic relaxation time �& [45], described by the Bloch equations [46]: ��$%�� = −�$%�&  
(3.4) 

  ��(�� = −�( −����  
(3.5) 

  

By convention the magnetic field is positioned in the z-direction. Therefore �#  is the longitudinal 

component in the z-direction, and a transverse component in the x- and y-direction is defined as �$% =	�$)* + �%,*.  
 

Spatial information 

It is necessary to have spatial encoding to reconstruct an image and localize the protons. Position 

dependence of the nuclei can be achieved by applying magnetic field gradients -. The gradient adds 

linear variation to the magnetic field strength, consequently affecting the Larmor frequency, but in a 

predictable manner. Different gradients can be applied at distinct moments and in different directions, 

granting selection of a spatial slice. 

Both phase and magnitude information are recorded, which can be converted to spatial location and 

intensity (i.e., image) after Fourier transformation. The signal modifications of frequency and phase 

will depend on the location due to the different angled gradients. 
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3.2 3.2 3.2 3.2 DiffusionDiffusionDiffusionDiffusion    

In MRI as explained above the spins are considered static, but in the case of diffusion, all spins in a fluid 

are constantly moving. To understand diffusion tensor imaging, first it is useful to understand diffusion. 

When non-restricted, water molecules will displace with a Brownian motion, resulting in a random 

walk with an isotropic displacement. The root mean square displacement of a free diffusion particle in 

3D can be described by the Einstein relation: < /& >= 62�3 

 

(3.6) 

Where td is the diffusion time, and D is the diffusion coefficient, which can be written as: 

2 = 45�6  
(3.7) 

  

Here 45 is the Boltzmann constant [J K-1]. The diffusion coefficient D depends on temperature T and 

fluid viscosity 6. The higher 2 is, the greater the distance water molecules travel in a set time. 

As the brain matures, diffusion will become more restricted by the increase of organized 

microstructures. Along white matter tracts in the brain the diffusion is less restricted than in a 

perpendicular direction to the tracts, transverse to the axons. 

The diffusion coefficient in a tissue is called the apparent diffusion coefficient (ADC) and it reflects the 

overall average water displacements in a tissue region. It represents how diffusing molecules interact 

with structures over a given diffusion time. The ADC is clinically calculated using MRI with diffusion 

weighted imaging (DWI) [15]. 

    

3.3 Diffusion tensor imaging3.3 Diffusion tensor imaging3.3 Diffusion tensor imaging3.3 Diffusion tensor imaging    

Diffusion tensor imaging (DTI) is based on measuring the displacement of water molecules in a tissue. 

To describe diffusion in magnitude and direction a tensor can be used. A scalar diffusion coefficient D 

describes the movement in just one direction, but the direction-dependent diffusion coefficient can 

be approximated by a 3x3 diffusion tensor 7: 

7 = 82$$ 2$% 2$(2%$ 2%% 2%(2($ 2(% 2((9 

(3.8) 

 

The diffusion tensor 7 is a symmetric matrix giving directional diffusion information per voxel. A voxel 

is a small volumetric part in the dataset. Eigenanalysis in line with Equation (3.9) will lead to finding 

three eigenvectors (:;, :=	�>�	:? ) with corresponding eigenvalues (@�, @&	�>�	@A  in descending 

order).  7: = @: (3.9) 

 

The first eigenvector :;  - corresponding to the largest eigenvalue @�  - gives the main diffusion 

direction. Using the three eigenvectors and having their eigenvalues determine the vector length, 

results in ellipsoids. The shape and orientation of the ellipsoid give a visual representation of the 

preferred diffusion movement of the examined voxel (Figure 15). 
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Figure 15: Examples of how tissue structure influences tensor shapes. Top: all eigenvalues are equal resulting in a spherical 

representation of the diffusion. This is either a free diffusion or an isotropic restricted diffusion. Bottom: the main eigenvector 

is big compared to the other two, resulting in an ellipsoid representation. This is an anisotropic diffusion with the long axis 

parallel to the fiber structure. Altered image from [43]. 

 

Isotropic or free diffusion, having equal eigenvalues, is represented by a sphere. Strong anisotropic 

diffusion is the case when diffusion takes place along one direction mainly, meaning that the first 

eigenvector is big compared to the others (@� ≫		 @& ≈	@A), which results in long stretched ellipsoids. 

This kind of diffusion is found in white matter structures, since diffusion along the white matter tracts 

is preferred over the transverse direction to the axons. 

How to calculate diffusivity and anisotropy parameters from the eigenvalues is listed in Table 1. 

 

 

 

 

 

 

Table 1: Commonly used indices calculated from the eigenvalues of the diffusion tensor. Table altered from van Pul [47]. 

Name Equation 

Fractional anisotropy (FA) DE = 12√2H(@� − @&)² + (@& − @A)² + (@A − @�)²(@�& + @&& + @A&)  

Relative anisotropy (RA) LE = 12√2H(@� − @&)² + (@& − @A)² + (@A − @�)²(@� + @& + @A)²  

Mean diffusivity (MD) �2 = @� + @& + @A3  

Axial diffusivity (AD) @� 

Radial diffusivity (RD) L2 = @& + @A2  

Case linear anisotropy (Cl) N� = @� − @&@� + @& + @A 
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3.3.3.3.4444    Diffusion Diffusion Diffusion Diffusion tensortensortensortensor    imaging sequenceimaging sequenceimaging sequenceimaging sequence    

As explained previously MRI is based on localizing hydrogen protons in a tissue. Diffusion weighted 

imaging (DWI) is an MR technique measuring the diffusion movement by signal loss. The sensitivity to 

diffusion in DWI is achieved by adding Pulsed Field Gradients (PFG) to a spin-echo sequence; see Figure 

16 [47]. Gradient field pulses can be controlled in strength and polarity, sensitizing MRI signals to 

diffusion weighting in a specific direction.  

 

Figure 16: Pulsed Field Gradients (PFGs) added to a spin-echo sequence to sensitive the MRI signal to diffusion movement. The 

radio-frequency pulses are denoted on the RF axis. The gradients in x-, y- and z-direction are denoted by Gx, Gy and Gz. And 

the PFG is denoted on the bottom axis, with width δ, and time Δ between them. Figure obtained from van Pul (2004) [47]. 

 

Figure 17: The effect of the PFGs is visualised on both static spins and on diffusing spins. After the second PFG the static spins 

will retain maximal net magnetization strength. Diffusing spins will be rephased but lose signal strength. Figure obtained from 

van Pul (2004) [47]. 

 

How the PFGs affect the signal is illustrated in Figure 17 [47]. After the first PFG dephases the spins, a 

180° refocusing RF-pulse is employed to reverse the signal phase of the magnetization vectors of all 

spins, after which another PFG rephases the spins again. For static molecules in a voxel, spins will 

rephase maximally and echo signal is obtained. When there are moving particles in a voxel, these 

particles can move to different locations between dephasing and rephrasing. Thus will the rephasing 

PFG be different from the first and not be able to transition them back to their initial state, leading to 

signal loss. The stronger the initial dephasing is, the higher the signal loss. 

Gradient strength O , duration of the pulse P , and time interval Δ  between pulses all affect the 

magnetization decrease. The b-value is used to describe the sensitivity of a sequence to diffusion and 

is defined as 	R = 	−�&P&O!& SΔ − TAU. Herein � is the gyromagnetic ratio of 1H, the applied gradient 

field is O!,  the duration of the gradient pulses is P, and Δ is the duration between gradient pulses. 
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3.3.3.3.5555    DTI visualizationsDTI visualizationsDTI visualizationsDTI visualizations    

In DTI measurements, homogeneity is varied linearly by a dephasing pulsed field gradient. As a result, 

protons will precess at different rates proportional to the magnetic strength. Phase dispersion and 

signal loss will occur. A refocusing pulse will rephase the spins, but this will not be perfect for spins 

that have moved during the pulses, leading to signal loss. Stejskal and Tanner derived the initial 

mathematical analysis in measuring the reduction in signal due to the application of pulse gradients 

related to the amount of diffusion [48]. The equation for this is as follows: VV(0) = eYZ∙\ 
(3.10) 

 

Here S(0) is the signal without diffusion weighting, S is the signal with gradient field pulses present, D 

is the diffusion coefficient, and b indicates the sensitivity to the sequence parameters. However, the 

conventional form of the equation is valid only if the gradient pulse shapes are perfectly rectangular, 

which is never the case in clinical practice, but it can be closely approximated. 

By varying the strength of the gradient and measuring for different b-values, the ADC can be calculated 

as a function of b-value by fitting signal intensities to the Stejskal-Tanner equation with a least-squares 

approach. This is calculated for each voxel separately. Combining this information for all voxels leads 

to an ADC-map (see Figure 18 a). From the ADC in various measurements, the diffusion tensor can be 

calculated by a transformation matrix. This is necessary to be able to perform eigenanalysis to get the 

eigenvalues from which diffusional properties can be calculated (see Table 1). 

The most popular visualization for DTI data is a fractional anisotropy (FA) map, which shows the degree 

of diffusional directionality or the direction and strength. The ADC-map corresponds to the 

directionally averaged magnitude of water diffusion. 

 

 

 

 

 

Figure 18: a) ADC-map; b) anisotropy map by FA; c) color-coded map where different colors indicate diffusion direction. Image 

adjusted from [49]. 
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In Figure 18 a) intensity relates to diffusion strength. Stronger intensities reflect as brighter white, 

which is seen for fluids (in the ventricles). The fluids will have a higher ADC and a lower FA compared 

to their surroundings. Figure 18 b) shows an example of an FA map. An FA close to 1 indicates voxels 

have a high anisotropy, and a low anisotropy is represented by an FA close to 0. Color-coding based on 

FA gives more insight in diffusion direction, and intensity defines the anisotropy strength (Figure 18 

c)). The blue structure visible both left and right is the PLIC. As can be seen from the ADC-map the PLIC 

does not have a high ADC, but the FA maps shows it does have a high FA. The bright red areas in the 

color-coded FA map indicate a strong preferred diffusion direction between the hemispheres. These 

are the commissural fibers of the corpus callosum, which also show a relatively high FA. 

Fiber tracking uses the diffusion tensor information to reconstruct white matter fibers. It is based on 

streamline tracing and is called tractography. It is a technique that visualizes main diffusion pathways 

(fibers) in a 3D data set. The vector field defining the paths is created by numerically integrating the 

main eigenvector of each voxel and following the field from voxel to voxel, thus creating a fiber [18]. 

An example of how these fibers look like in the brain is previously depicted in Figure 9 and an actual 

result from this study is also shown below in Figure 19. 

 

 

 

 

 

 

 

 

 

  

Figure 19: Result of fiber-tracking in the brain white matter. Left image shows the right handside of the brain. The right 

image is the same patient, with a view from the front right. Each white matter structure is indicated in a different color. 
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4444 Literature researchLiterature researchLiterature researchLiterature research    on white matter developmenton white matter developmenton white matter developmenton white matter development    
While the mortality rate of preterm infants has decreased over the last decades, they remain at high 

risks for neurological disorders. In many studies correlations between brain abnormalities at term 

equivalent age and neurodevelopmental outcome have been investigated. Diagnosing upcoming 

neurological impairments in an early phase is of critical importance to be able to start the correct 

intervention therapy and hence increase the chances of an improved neurological developmental 

outcome. 

A systematic Pubmed literature search was conducted to investigate the relation between DTI 

measures and neurodevelopmental outcome for brain white matter structures, as preterm infants are 

highly susceptible to white matter injuries [5] [6] [7]. Combinations and synonyms of the following 

keywords were used: ‘preterm infant’, ‘neonate’, ‘brain’, ‘white matter’, ‘maturation’, ‘MRI’, 

‘diffusion’, ‘diffusion tensor’, ‘outcome’ and ‘neurodevelopmental outcome’. Included were DTI 

studies conducted on humans and written in English. No restrictions are defined for publication dates. 

Articles are excluded when they did not report on DTI measures with respect to white matter 

development. For each study the white matter structures investigated are noted and how their DTI 

parameters change with maturation. If given, also the neurodevelopmental outcome correlated to the 

DTI findings is listed (Table 2). 

Exclusions are made for studies not conducted on preterm infants or studies assessing maturation 

results that are not based on white matter, results based on a specific disease biasing the results, when 

conducted research and/or imaging methods could not be compared to diffusion tensor imaging 

parameters, or when outcome results were not correlated to brain development either in form of 

white matter injury or DTI maturation parameters. Initially there were over 400 papers. The key 

findings of the remaining papers are listed in Table 2. Remarkable findings are indicated in red. 

 

 

Table 2: Overview of the relevant articles investigating brain white matter maturation with DTI and correlations found 

between maturation, white matter injuries and neurodevelopmental outcome. N = amount of eligible study subjects. GA = 

gestational age in weeks. Image acquisition type is given. Brain WM abnormalities indicates the presence and degree of WMI. 

CR = Corona radiata. OR = Optic radiata. SD = Standard deviation. RA = relative anisotropy. Cl = Case linear anisotropy. N/A 

indicates information was not available in paper. Remarkable results are indicated in red. 

Article Study 

population 

Image 

acquisition 

Brain WM 

Abnormalities 

Structure/ 

parameter 

Key findings with respect to DTI in WM and associations to 

neurodevelopmental outcome 

Batalle (2017) 

[50] 

N = 65 

GA = [25-45] 

3T DTI N/A Whole brain 

analysis 

Reduced FA values/brain connectevitiy is associated to a 

stronger degree of prematurity at birth (lower GA at birth) 

compared at same PMA. 

Keunen (2017) 

[2] 

N = 30 

GA < 32 

3T TEA-DTI N/A WM Global mean FA values was significantly related to performance 

IQ at 5 years; higher FA relates to higher IQ. 

Kim (2016) [8] N = 32 

BW < 1000g 

3T TEA-DTI Normal to 

abnormal 

Genu Low FA values in the genu (around 0.24) are associated with 

poor outcome. 

Higher FA values (around 0.32) are associated with good 

outcome. 

    Splenium The splenium FA range is associated with good outcome for FA 

values close to 0.34, and poorer outcome for lower FA values 

approaching 0.27. 

    PLIC left The left PLIC’s FA is associated with good outcome for high FA 

values around 0.36, and poorer outcome for the lower FA values 

approaching 0.30 

Navarra (2016) 

[51] 

N = 27 

GA [28-36] 

3T TEA-DTI N/A PLIC left A significant negative correlation was observed between 

outcome and the AD in the PLIC. An AD of 1.75-10-3[mm²/s] was 

associated with underaverage outcome, whereas an AD of 

1.60·10-3[mm²/s] is associated to good outcome. 
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Article Study 

population 

Image 

acquisition 

Brain WM 

Abnormalities 

Structure/ 

parameter 

Key findings with respect to DTI in WM and associations to 

neurodevelopmental outcome 

Rogers (2016) 

[52] 

N = 65 

GA < 30 

3T at 

PMA [26-42] 

No significant 

differences in 

WMI 

Cingulum 

bundle left 

Better social-emotional competence outcome at 2 years was 

related to lower FA. 

    PLIC Strongest relation/slope between the rate of WM maturation 

and FA at TEA. A weaker slope was associated to adverse 

outcome. 

    ALIC, CC and 

OR 

Increase in FA with increasing GA. 

    ALIC left Lower MD in the left ALIC at TEA were associated to impaired 

performance at 2  years of age. 

    Inferior 

temporal 

lobe  

At 2 years lower motor scores were associated with lower FA in 

the left, but higher FA in the right inferior lobe at TEA. 

Lesser impairment was associated with greater hemispheric 

asymmetry in FA left and right. 

Weinstein 

(2016) [53] 

N = 32 

GA < 34 

TEA fMRI  

and DTI 

Normal and 

mild 

CC Typically development is characterized by an increase in FA and 

a decresae in AD and RD, but this study found correlations 

between structural and functional connectivity in the CC with 

future neuro-behavior that present an opposite trend.  

    Splenium Splenium defined as most mature WM fiber bundle (highest FA) 

compared to genu, CC midbody and OR. 

    Genu & 

midbody CC 

Chronological age was negatively correlated with RD in the genu 

and with AD in the midbody.  A higher AD and RD and a lower 

FA in the genu were associated to good outcome at 2 years. 

    OR and CST GA was negatively correlated with FA in the OR. But no 

significant correlations were detected between diffusivity 

parameters in these structures and outcome at 1 or 2 years. 

Braga (2015) 

[54] 

N = 99 

GA [25-34] 

3T DTI, 

PMA groups 

at scan 

Normal CST From a PMA of 25 to 42 weeks, the following changes occur in 

the CST and are assumed linearly: 

Increase volume 2500 – 4500  mm³ 

Decrease mean MD from 1.6·10-3 to 0.8·10-3 

Increase mean FA from 0.13 to 0.25 

Roze (2015) [4] N = 22 

GA < 37 

Early (<4wks) 

& TEA-DTI 

N/A PLIC For early and TEA DTI an assymmetry of the FA in left and right 

PLIC is associated to poor motor outcome at 2 years of age. 

FA summetry for PLIC left and right was associated to normal 

outcome. 

Dubois (2014) 

[34] 

- - - WM FA increases with maturation. 

MD and transverse diffusivities decrease with maturation. 

Kulikova (2014) 

[36] 

N = 17 

Term 

 

3T DTI at age 

[3-21] wks 

Normal Whole brain 

analysis 

Maturation is based on multi-parametric evaluation. These 

decrease exponentially with age in all bundles. 

Maturational order (1 = least mature): 

1. Association bundles (superior longitudinal fasciculus, arcuate 

fasciculus) 

2. ALIC 

3. Association bundle (external capsule) 

4. Association bundles (inferior longitudinal fasciculus, fronto-

occipital fasciculus) 

5. CC body (commissural), and superior part of cingulum (limbic 

bundle) 

6. inferior cingulum (limbic) 

7. Commissural fibers: CC genu and splenium. And projection 

fibers: CST superior 

8. Projection fibers: CST inferior 

9. Projection bundle: CST mid. Limbic bundle: fornix 

10. Projection bundle: optic radiation 

11. Projection bundle: spino-thalamic tract 

Weinstein 

(2014) [55] 

N = 46 

GA < 34 

3T TEA-DTI Normal and 

mild 

abnormalities 

Whole brain 

analysis 

Reduced maturation (higher diffusivity values) of major WM 

fiber tracts were associated with overall lower neurobehavioral 

performance at term. 

Loh (2012) [56] N = 26 1.5T DTI Normal CR, internal 

capsule 

The CR and internal capsule contain projection fibers which are 

among the most prominent white matter tracts observed in 

newborns. Thickening of these projection tracts occurs in the 

first 2 years of life. 

    Cingulum 

and fornix 

These limbic fibers can be clearly identified in the newborn 

brain, suggesting formation of early limbic fibers 

    CC and 

uncinate 

fasciculus 

Easily identifed in newborn brain. However the superior 

longitudinal fasiculus is only well delineated after 6 months of 

life. 

Min Jo (2012) 

[57] 

N = 22 

11 Preterm 

11 Term 

1.5T DTI N/A CC CC thinning is correlated with lower FA values and is more 

pronounced in preterm children compared to term in the first 

few years of life. The differences between preterm and term in 

structural maturation of most CC subdivisions become more 

pronounced with age, except for the splenium. 

    Splenium Differences in structural maturation between preterm and term 

disappear with age in the splenium. 
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Article Study 

population 

Image 

acquisition 

Brain WM 

Abnormalities 

Structure/ 

parameter 

Key findings with respect to DTI in WM and associations to 

neurodevelopmental outcome 

Van Pul (2012) 

[58] 

N = 72 

GA < 31 

3T TEA-DTI Normal to 

abnormal 

(Woodward 

WM [5-12]) 

CC A Woodward WM score increase from 5 to 12 indicates an 

increase in abnormalities/white matter injury. For an increase 

in WMI, a decrease in anisotropy and an increase in diffusivity 

was seen in the CC compared to normal white matter. The 

associated parameter ranges for the Woodward score increase 

of 5 to 12 (increase in WMI) for the CC are averaged and linear: 

 N = 85 

GA < 31 

3T TEA-DTI Normal to 

Abnormal 

(Woodward 

WM [5-12]) 

PLIC For the PLIC an increase in Woodward score from 5 to 12 

(increasing WMI) resulted in the following averaged linear 

changes: 

   Abnormal Left PLIC AD and RD values in the left PLIC increased significantly with 

WMI. 

Shim (2012) 

[59] 

N = 46 

GA [24-41] 

 

DTI at PMA 

[35-43] 

 

Normal and 

abnormal 

CC Significant correlation between CC FA and GA at birth. For a GA 

of 24 weeks the FA wasa 0.29, which increases to 0.39 for a GA 

of 41 weeks. 

    PLIC PLIC showed the strongest correlation with PMA. For a PMA of 

35 weeks, the FA was 0.23, and for a PMA of 43 weeks the FA 

was 0.32. For this same PMA range the ADC decreased from 

1.18·10-3[mm²/s] to 0.96·10-3[mm²/s] 

    ALIC ALIC also has a significant PMA relation. For PMA increase of 35 

to 43 weeks, the FA increase is from 0.31 to 0.44, and the ADC 

decrease is from 2.85·10-3[mm²/s] to 2.10·10-3[mm²/s]. 

Van Kooij 

(2011) [11] 

N = 67 

GA < 31 

3T TEA DTI N/A PLIC left 

Boys (n=38) 

Increased volume, FA, and length of the left PLIC in boys resulted 

in good outcome. And for a decrease in MD, AD and RD in this 

structure a trend was seen to good outcome 

    PLIC right 

Girls (n=29) 

Bigger volumes of the right PLIC in girls were related to good 

outcome. 

    CC 

Girls (n=29) 

Bigger volume and length of the CC in girls was associated to 

good outcome. 

Bonifacio 

(2010) [60] 

N = 176 

GA < 33 

  Whole brain 

analysis 

FA lowest for GA < 26 weeks. 

General WM findings were the FA increase of 0.008 per week, 

and the MD decrease of 0.021 mm²/sec per week for the GA < 

33 weeks. 

   Moderate & 

severe 

WM The mean FA was lower when moderate to severe white matter 

injuries were present, compared to normal. 

Gao (2009) [61] N = 60 

GA [35-42] 

3.0T DTI Normal Whole brain 

analysis 

Increase FA from 0-1yrs 

Decrease AD from 0-1yrs 

Decrease RD from 0-2yrs 

    CC Highest FA and AD values are found in the CC in the brain. Next 

are the genu, internal capsule and CST. 

Yung (2007) 

[62] 

N = 25 + 13 

25 Preterm 

13 Term 

1.5T DTI Normal WM volume Preterm: Mean WM volume (SD) = 341.8 (32.9) mL 

Term: Mean WM volume (SD) = 368.9 (25.8) mL 

    FA Preterm: Mean WM FA (SD) = 0.346 (0.014). 

Term: Mean WM FA (SD) = 0.364 (0.012). 

Mean FA in women significantly lower than in men (0.355 

compared to 0.339) 

In general: Mean WM volume and FA significantly lower in 

preterms compared to term control group. 

    BW BW is related to GA  

    WM volume Increase WM volume [250-450]mL  

    WM Preterm: The mean FA range for the entire brain is [0.32, 0.38]. 

The higher mean FA values were associated to good outcome. 

Hermoye 

(2006) [63] 

N = 23 

0-2yrs 

1.5T DTI Normal PLIC, 

splenium, 

genu, 

cingulum, 

fornix 

Over the first 2 years of life, a decrease in ADC and an increase 

in FA values was noted for mentioned structures, with the 

steapest slopes in the first 6 months. 

Provenzale 

(2006) [64] 

N = 53 

< 1yr 

1.5T DTI  WM At term: deep WM structures are more mature than peripheral 

WM structures. The strongest maturation is seen in the first 3 

months, compared to the rest of the first year.  
    FA In the first year the FA increases. The peripheral WM FA 

increases from 0.15-0.30 and the deep WM FA from 0.35-0.60. 

    ADC In the first year ADC decreases. The peripheral WM ADC 

decreases from 1.3·10-3[mm²/s] to 0.9·10-3[mm²/s]. And the 

deep WM ADC decreases from 1.1·10-3[mm²/s] to 0.8·10-

3[mm²/s]. 

Berman (2005) 

[65] 

N = 27 

GA = [28-43] 

1.5 DTI Normal to mild FA FA increases with GA and is slightly higher for motor pathways 

compared to sensory pathways. 

    ADC, λ1 and 

RD 

ADC, λ1 and RD decrease with GA; these parameters are slightly 

lower for motor pathways compared to sensory pathways. 

Neil (2004) [66] Preterm TEA-MRI Abnormal Reduced WM 

volume 

The combination of white matter injuries and reduced WM 

volumes is related to poor outcome 

  TEA-MRI - PLIC Low FA and ADC values in the PLIC are associated to poor 

outcome. ADC values decrease rapidly following injury. 

Schneider 

(2004) [67] 

N = 12 

0-2yrs 

DTI N/A Genu In the first 2 years of life a decrease in genu ADC was found: [1.8-

0.78]·10-3[mm²/s]. And an increase in genu FA: [0.25-0.65]. 

These changes show the steapest slopes in the first year. 
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Article Study 

population 

Image 

acquisition 

Brain WM 

Abnormalities 

Structure/ 

parameter 

Key findings with respect to DTI in WM and associations to 

neurodevelopmental outcome 

    Splenium Splenium ADC decreases to an average of 0.75·10-3[mm²/s] at 2 

years of age. It is lower than the ADC of the genu at all ages. 

    PLIC Decrease PLIC ADC [1.4-0.7]·10-3[mm²/s]. Increase PLIC FA [0.3-

0.7]. Steapest slopes in first 6 months 

Arzoumanian 

(2003) [68] 

N = 63 

GA ≤ 33wks 

BW < 1800g 

1.5T DTI PMA 

[34-42] wks 

Normal and 

abnormal 

Whole brain 

analysis 

FA and ADC whole brain analysis showed no measureable 

differences for between patients with normal or abnormal 

neurological outcome. 

    PLIC & CC Highest FA values compared to rest of the brain 

    PLIC right An FA range of [0.284-0.509] was associated to normal 

neurological outcome, and an FA range of [0.259-0.499] was 

associated to abnormal neurological outcome. 

Mckinstry 

(2003) [69] 

N = 28 

GA [26-41] 

1.5T DTI N/A PLIC An approximately  linear ADC decrease for the PLIC was found 

for an increasing GA. For a GA of 26 weeks the ADC was 1.30·10-

3[mm²/s], and for 41 weeks this was 1.05·10-3[mm²/s]. 

Moseley (2002) 

[70] 

0-2yrs DTI N/A Genu & 

Splenium 

These regions showed the most homogeneously oriented fiber 

systems in the brain. They found homogeneity was related to 

FA; so the genu and splenium showed the highest FA values. 

Neil (2002) [17] 0-2yrs DTI N/A PLIC & ALIC ADC decreases in the first 2 years of life from 1.4·10-3[mm²/s] to 

0.7·10-3[mm²/s], with steapest decrease in first 6 months. 

    PLIC In first 2 years: increase RA from 0.1 to 0.75. Steapest in first 6 

months (0.1 to 0.5 approximately). 

    ALIC In firsts 2 years: increase RA 0.1 to 0.6. Steapest increase in first 

6 months (0.1 to 0.4 approximately). 

 

 

Hüppi (1996) 

[71] 

N = 18 + 13 

18 Preterm 

13 Term 

TEA-MRI N/A WM Preterm group showed less WM differentiation and myelination 

compared to term group at TEA. This structural as well as 

functional delay in brain development was associated in a 

significantly poorer neurobehaverial outcome. 

 

These articles provide information on DTI for white matter development and neurodevelopmental 

outcome. Some general findings are listed here first, and specific white matter structures will be 

reviewed afterwards. 

As the brain matures, parallel fiber tracts develop and myelinate. A general conclusion various studies 

illustrate is that anisotropies increase with maturation, whereas diffusivities decrease with maturation 

[34] [57] [59]. Anisotropy continues to increase in the first two years of life, showing a steep increase 

in the first few months [17] [57] [63] [64] [67] [70]. A stronger degree of prematurity at birth is reflected 

in reduced FA values at TEA [50] [52] [72] [57] [59] [60] [62] [65] [69]. When investigating outcome 

scores, the overall concensus is that lower anisotropy values are related to poorer outcome [2] [8] [73] 

[11] [62] [66] [74]. Since prematurity is associatied with poor outcome, and those born premature have 

low anisotropy values at TEA, this might indicate that brain maturation outside the womb is affected 

compared to normal maturation [75] [73] [76] [66] [68] [74] [71]. 

Diffusivity parameters, e.g. the apparent diffusion coefficient (ADC), decrease with maturation [54] 

[34] [60] [63] [65]. Whole brain white matter analysis studies found that smaller white matter volumes 

are associated with preterm infants, with white matter injury and with poor outcome [77] [76] [62] 

[78] [66]. 

A study by Kulikova et al. (2014) calculated and depicted the asynchronous manner the brain white 

matter matures in the first few weeks of life [36]. The most mature were bundles responsible for 

sensory and motor functioning: the spino-thalamic tract first, followed by optic radiations and the 

cortico-spinal tract. They also showed the genu and splenium are more mature than the midbody of 

the CC. And the fornix, being part of the limbic bundle, was one of the most mature structures. Most 

projection bundles appeared more mature than limbic, commissural and association bundles. Except 

for the anterior limb of the internal capsule which is a projection bundle, and was one of the least 

mature structures, together with the cingulum. 
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Corpus callosum 

Developmental features of the corpus callosum (CC) have been associated with neurodevelopmental 

outcome [8] [53] [11] [79] [74]. This white matter structure consists of three parts; the genu, midbody 

and splenium. In general the FA values for the CC increase with higher gestational age [52]. The 

splenium is the most mature structure, which is reflected in higher FA values [8] [53] [36] [79]. The FA 

values at term equivalent should age range between 0.27-0.34 for the splenium, and between 0.24-

0.32 for the genu. The lower values are associated to poorer outcome [8]. 

The ADC in the CC is higher in preterm children compared to term born children when measured at 

the same corrected age [57]. It decreases strongly in the first half year of life. At all ages, the splenium 

has a lower ADC than the genu [67]. Van Pul et al. (2012) investigated the relation of white matter 

injury to the following diffusivity parameters in the CC; mean diffusivity (MD), axial diffusivity (AD), and 

radial diffusivity (RD). As expected, increased white matter injury score was correlated to higher 

diffusivity values [58]. 

However, Weinstein et al. (2016) found that lower FA and higher AD and RD overall in the genu are 

associated with better neurobehavioral outcome, and so is a higher RD in the splenium [53]. This makes 

it difficult to conclude what effects white matter injury at term equivalent age have at 

neurodevelopment. 

Thinning of the CC is very common for preterms, and occurs mostly in the midbody region. Larger CC 

sizes are related to better outcome [11] [58] [80]. CC bundle volumes at term equivalent age can differ 

by almost a factor 2, depending on the degree of white matter injury. The larger the injury, the smaller 

the volume [58]. Presumptively a stronger degree of white matter injury leads to adverse outcome, 

which reflects in a smaller CC size. Also a smaller volume of the corpus callosum was related to preterm 

birth. Especially smaller sizes of the posterior quarter of the CC (approximately the splenium) will 

impair verbal skills later on in life. This relation was only signficant for boys [80]. 

 

Posterior limb of internal capsule 

The posterior limb of the internal capsule (PLIC) appeared in many studies, and values for the left and 

right PLIC often differ from each other. Again, anisotropy values gradually increase and diffusivity 

values decrease with gestational age. Continuing to increase with PMA [17] [67] [63]. A positive 

relation has been found between anisotropy in the PLIC with not only GA, but with PMA as well [59]. 

A strong visual image of the maturation over age can be seen in Figure 7 [17]. It shows that for the PLIC 

the ADC decreases and relative anisotropy increases strongly in the first few month of life. 

For the FA values symmetry left and right indicated a normal outcome, and assymmetry was associated 

with poor outcome [4]. Literature stated that the asymmetry in myelination will however not become 

apparent until TEA, since that it is not observed in the PLIC on MR imaging before 36 weeks of 

gestation. Multiple cases showed an increased FA in the left PLIC compared to the right PLIC [51] [11]. 

A study conducted on preterm low birth weight infants showed that abnormal white matter and lower 

FA values in the left PLIC were associated to poor outcome, and a higher FA was found for normal 

white matter and was associated with good outcome. For this low birth weight preterm group the FA 

in the PLIC ranged from 0.30-0.36, values closest to 0.30 indicating a poorer outcome [8]. Another 

study conducted on preterm infants also found that lower FA in the PLIC was related to poor outcome 

[66]. Due to different scanning protocols, anisotropy ranges might not agree with each other, but the 

trends are similar. 
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A higher degree of white matter injury in the left PLIC was correlated with an increase in axial diffusivity 

(AD) and radial diffusivity (RD), and a trend was also seen for mean diffusivity (MD). For high white 

matter injury scores the diffusivity parameters are higher than for normal white matter [58]. So normal 

brain white matter scores are related to lower diffusivity values in the PLIC. Although absolute values 

differ in different articles, the general trends for maturation and outcome related to the PLIC are very 

similar. Higher anisotropy and lower diffusivities are associated to good outcome, and there are some 

trends indicating the left PLIC matures in an earlier stage than the right PLIC. Roze et al. (2015) 

investigated hemispheric differences for the PLIC and found that symmetry in FA values left and right 

indicate a normal outcome, and assymmetry was associated with poor outcome [4]. Investigating the 

left and right PLIC separately might give more insight in maturational processes in the brain. 

 

Fornix 

The study by Kulikova et al. (2014) indicated the fornix was one of the most mature structures in the 

first few weeks of life [36]. The FA values in the fornix are known to increase with age up to 2 years of 

life [63], but no other studies were found that investigated the fornix with DTI. Investigating its 

properties and comparing to those of less mature structures might give insights in what parameters 

change during normal maturation. 

 

Anterior limb of internal capsule 

The anterior limb of internal capsule (ALIC) is said not to be myelinated at term equivalent age, but it 

will show high anisotropy values due to close packing of axons. For the ALIC a relation to PMA at 

scanning was found. For PMA ranges from 35-42 weeks, an increase in FA and a decrease in ADC was 

found [59]. In the first 2 years of life the ADC decrease continues, and the relative anisotropy increases 

strongly [17]. 

The ALIC also consists of left and right structures. A lower MD in the left ALIC was related to impaired 

outcome [52]. 

 

Other white matter structures 

Although the cingulum is one of the least mature structures in early stages of life, a relation to 

neurodevelopmental outcome was found. For preterm infants being scanned at a PMA of 26-42 weeks, 

lower FA values in the left cingulum bundle were associated to good outcome in social-emotional 

competence at 2 years [52]. This is interesting since the FA usually increases with PMA and higher FA’s 

are related to better development. The same article also found that lesser impairment was associated 

with greater hemispheric assymetry in FA in the temporal lobe. It is obvious from this that left and 

right structures can develop differently and have different effects on outcome. 
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Conclusion of white matter literature study 

From this literature review it is clear that anisotropy and diffusivity in brain white matter structures 

differ between different GA groups and show a relation to neurodevelopmental outcome. But white 

matter injury can influence these values in opposite direction. 

Fractional anisotropy is an important parameter characterizing the maturation of the brain and is 

associated with neurdevelopmental outcome. Lower FA values at TEA are found in lower gestational 

age groups, and are also mostly related to poor outcome. Symmetry of FA values for left and right 

bundles in the brain has been associated with good neurodevelopmental outcome. 

It is clear that DTI parameters are useful to characterize development of the brain. We are interested 

in the differences between VP, LP and term born infants. For these groups differences can be expected 

at TEA. This is mainly reflected by a lower FA and a higher ADC for preterm infants compared to term 

born infants at term equivalent age. However, in our clinical population, many pathologies are found. 

Therefore, we need to characterize these abnormalities prior to interpreting the values. 

The most relevant structures to investigate are the CC and the PLIC as they have been associated with 

outcome. Moreover, other structures of interest are the ALIC, and the fornix. The genu and the 

splenium of the CC will also be investigated separately as they mature at different rates. 

The most interesting DTI parameters are anisotropy, and diffusivity. But also, asymmetry between left 

and right side of the brain could be investigated as the ALIC and PLIC both have separate structures for 

left and right. 
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5555 MethodsMethodsMethodsMethods    white matterwhite matterwhite matterwhite matter    analysisanalysisanalysisanalysis    
This retrospective study is performed at the Máxima Medical Center, Veldhoven (MMC Veldhoven). 

This chapter will explain how brain scan data is obtained. Also, the segmentation of specific white 

matter fiber structures is illustrated. How DTI parameters are obtained from the brain scans will be 

explained. Furthermore, scoring of white matter injuries for preterm and term born infants is treated 

and a scaling system for how these can be compared to each other is given here as well. The statistical 

analysis methods used to compare DTI parameters and find correlations to white matter injuries are 

described. And this chapter will discuss if PMA corrections are necessary and how to apply these. 

5.5.5.5.1 Study population1 Study population1 Study population1 Study population    

This retrospective study is confirmed not to apply to WMO (law for medical-scientific research), 

meaning the medical ethics committee (METC) does not need to consider this study. The nWMO (non-

WMO) application written for this research can be found in Appendix A: nWMO application. All data 

was obtained as part of regular clinical routine. MRI scans are commonly performed around term 

equivalent age (TEA), defined as 40±3 weeks gestational age. All preterm born infants are scanned, 

and term-born infants when suspected of injuries. Data between July 2014 and February 2016 are 

included in this study. After applying exclusion criteria 29 patients remained. Exclusions are made for 

severe pathology, strong artefacts or scanning angles interfering with fiber tracking. The study 

population consists of 10 very preterm patients (<32 weeks GA), 9 late preterm patients (33-37 weeks 

GA), and 10 term born patients (>37 weeks GA). Table 3 lists the characteristics of the study population. 

The white matter abnormalities are scored (as explained in 5.3) and classified into groups. For 

convenience the results are already denoted in Table 3. 

The clinical characteristics show that scans are acquired around a post menstrual age of 40 weeks in 

all gestational age groups. 

 

 

 

 

 

Table 3: Clinical characteristics of study population. Normal distributed results are depicted as mean [SD], otherwise results 

are indicated by an asterix and are depicted as median [IQR]. Abbreviations: GA = gestational age; BW = birth weight; PMA = 

post-menstrual age; WM = white matter; IQR = interquartile range. 

Characteristic Total group Very Preterm 

(<32 wks) 

Late Preterm 

(32≤wks<37) 

Term 

(≥ 37 wks) 

Amount of patients N 29 10 9 10 

GA (weeks) 34.2 [5.2] 28.1 [2.4] 35.2 [1.4] 39.5 [1.6] 

BW (g) 2334 [971] 1200 [326] 2506 [427] 3313 [379] 

PMA (weeks) 40.3 [1.9] 40.4 [0.9]* 39.3 [2.5] 40.6 [1.9] 

WM abnormality: None 8  0 5 3 

WM abnormality: Mild 9 5 3 1 

WM abnormality: Moderate 8 4 1 3 

WM abnormality: Severe 4 1 0 3 
*Not normally distributed data, results depicted as median [IQR] 
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5.2 Data 5.2 Data 5.2 Data 5.2 Data acquisitionacquisitionacquisitionacquisition    

At term equivalent age, all infants underwent MRI. MRI was performed on a Philips 3.0 Tesla scanner 

(Philips, Best, the Netherlands) using an 8-channel SENSE head coil. The DTI brain scans are made with 

a diffusion weighted imaging spin-echo (SE) protocol (DwiSE). It is based on an axial single-shot echo-

planar imaging (EPI) sequence. Scan duration was 4 minutes and 30 seconds. And all other sequence 

parameters are listed in Table 4. Prior to analyses all data is anonymized. 

Table 4: Scan acquisition parameters. 

Parameter Value 

Scan duration 4:30m 

Scan Technique DwiSE 

Nr or Images 1700 

TR/TE ~5820ms / 72ms 

Flip angle 90° 

Nr of Slices 50 

FOV 180mm 

ACQ Voxel Size 1.41/1.43/2.00mm 

SITh/Gap 2mm/0mm 

Nr of directions (incl b=0) 33 

Nr of b-values 2 

b-values 0-800 s/mm² 

 

5.3 White matter 5.3 White matter 5.3 White matter 5.3 White matter scoresscoresscoresscores    

White matter abnormalities were scored for all TEA-MRI scans by a neonatologist. For preterm children 

a standardized scoring system is used developed by Woodward et al. (2006), and for term-born infants 

Shankaran et al. (2012) developed a scoring system for white matter. Although these scoring systems 

use different annotations, a neonatologist appointed both scoring systems to four categories of injury: 

normal, mild, moderate and severe white matter abnormalities. For preterm children white matter 

abnormality categories are divided as none (Woodward WM score of 5 to 6), mild (Woodward WM 

score of 7 to 9), moderate (Woodward WM score of 10 to 12), and severe (Woodward score of 13 to 

15) [7]. And for term-born infants the white matter abnormalities were divided as normal (Shankaran 

score of 0), mild (Shankaran score 1A), moderate (Shankaran score 1B), and severe (Shankaran score 

2A, 2B and 3) [81]. 

The division into these categories is used previously in [82]. Table 5 shows how both scoring systems 

are compared based on the white matter abnormality/injury categories. Table 3 shows the number of 

infants per category. 

 

 

Table 5: White matter abnormalities are classified as none, mild, moderate, and severe. This table gives an overview of how 

different scoring systems for preterm and term born infants are classified into these categories [82]. 

White matter 

abnormality 

Woodward WM score 

(Preterm infants) 

Shankaran score 

(Term-born infants) 

None 5 to 6 0 

Mild 7 to 9 1A 

Moderate 10 to 12 1B 

Severe 13 to 15 2A, 2B, 3 
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5.5.5.5.4444    SSSSegmentation of brain regionsegmentation of brain regionsegmentation of brain regionsegmentation of brain regions    

Brain white matter is analyzed best in specific white matter fiber structures. The fibers in DTI brain 

data are visualized by fiber-tracking. The software used for fiber tracking is DTI FiberTrak, MR Clinical 

application (Extended MR WorkSpace 2.6.3.4, 2012, Philips Medical Systems Nederland B.V.). The 

software includes automatic calculation of fractional anisotropy (FA) maps. 

Fiber bundles can be manually selected by using a multiple region-of-interest (ROI) method. It requires 

anatomical knowledge of tract trajectories. Fiber tracking is initiated by manually placing the ROIs. 

Selecting specific fibers or structures is done by inclusion or exclusion through ROIs (Figure 20). By 

placing multiple inclusion-ROIs, only the fibers going through all these ROIs will be part of the selection. 

An exclusion-ROI is used to eliminate fibers when they are considered to be part of a different white 

matter structure. All fibers going through an exclusion-ROI are eliminated from the selection. 

 

Figure 20: Visualization of fiber tract bundle selection. ROIs can be excluding or including, resulting in AND or NOT operations. 

Green ROIs are inclusion-ROIs. Placing multiple inclusion-ROIs will select those fibers going through all of them. In the image 

the dark blue and light green curved fibers only go through one of the two inclusion-ROIs and are therefore not selected after 

the AND operation. Exclusion-ROIs can eliminate specific fibers from the selection. In the image the red fibers are selected by 

an exclusion-ROI and will therefore not contribute to the final selection of fibers. Image from [83]. 

 

To ensure consistency all manual segmentations are done by one observer. ROI placement is 

determined based on identifiable anatomical landmarks on the FA color map. Algorithm settings 

defining when tractography occurs are given in Table 6. A minimum FA of 0.15 means that the 

propagation is terminated when the tract trajectory reaches a voxel with an FA less than 0.15. The 

estimated eigenvector direction becomes less accurate as FA decreases and becomes very sensitive to 

image noise for FA less than 0.15 [84]. As a minimum FA of 0.15 is default, all default threshold values 

were used in this study. These threshold values are needed to ensure selection of white matter fibers 

and to prevent the unwanted selection of fibers going in a completely other direction which will likely 

be from another structure or from fibers that are too short. The propagation is terminated when the 

tract trajectory reaches a voxel with an FA less than 0.15. 

 

Table 6: Algorithm settings for tractography in software DTI FiberTrak, MR Clinical application, Philips. 

Minimum FA 0.15 

Maximum Angle Change [deg] 27.0 

Minimum Fiber Length [mm] 10 
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ROI selections are based on previous studies using manual segmentation, on studies indicating white 

matter structures of interest clearly on FA maps or studies that have given anatomical definitions for 

the structures [83] [37] [85] [58]. The structures of interest are the corpus callosum, the anterior and 

posterior limb of the internal capsule, and the fornix. The genu and the splenium of the corpus 

callosum are reviewed separately as well. An example of how a white matter structure is selected by 

manual ROI placement is shown in Figure 21. 

 

1  

                                                 CC 

 

 

 

 

 

2 

 

3 

 

4 

 

Figure 21: Selection and segmentation procedure of the corpus callosum. For all images the anterior side of the head is on the 

left. In the first image (1) a midsagittal plane of the brain is shown where the CC is clearly visible in red as appointed by the 

arrow. In the second (2) the CC is widely outlined by the green ROI. In the next step (3) a similar ROI is drawn around the CC 

again, 3 slices apart from the first ROI. And in the last step (4) fiber tracking gives the pink fiber structure as a result for the 

entire corpus callosum. 

 

The corpus callosum selection shown in Figure 21 is based on the study of Van Pul et al. (2012) [58]. 

The commissural fibers of the corpus callosum can be selected by drawing ROIs in the sagittal plane. 

To ensure selection of fibers in only this direction, two ROIs around the midsagittal plane are drawn, 

outlining the CC widely. In Van Pul et al. (2012) the ROIs were positioned 3 sections (4.2 mm) apart, 

and it was shown experimentally that less than this would result in too many erroneously traced fibers. 

Having an acquired voxel size of 1.41 mm in the sagittal direction, for an equal result, the distance 

between the ROIs was therefore set at 3 or 4 slices. For an elaborate description on the manual 

selection protocol of all white matter structures, see Appendix B: Protocol ROI selection. Figure 22 will 

give an overview of what the investigated white matter structures look like after placing the ROIs. 
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Figure 22: In all images, left is posterior and right is anterior. For all investigated structures an impression is given of what the 

fiber-tracking result looks like after placing the ROIs. The green ROIs are the include-ROI, through which all fibers have to pass 

to be selected. The red ones are the exclude-ROIs, eliminating fibers from the selection. For the ALIC and PLIC the left handside 

structure is analogous to the ones shown for the right side of the brain. 

Figure 22 shows the ROIs needed to select each white matter fiber structure. Fibers that could not be 

identified with high probability as being a part of the structure of interest are discarded by exclusion-

ROIs. All final segmentations of the white matter fiber structures were reviewed by a second observer. 

Divergent fibers or artefacts are not allowed to exceed a 10% volumetric percentage of the total 

structure volume. 

The volume of a fiber bundle is defined as the volume of all voxels through which one or more fibers 

pass. But to be able to calculate the desired DTI parameters (given in Table 1) per structure, the 

eigenvalues are needed. In short, for each voxel, the ADC is calculated separately. To get to all six 

independent components of the diffusion tensor, the ADC has to be measured in at least six different 

directions. And from the diffusion tensor the eigenvalues can be determined as explained previously 

in section 3.3. 

Initially for this study the idea was to use previously in-house developed software by L. Fonseca (2014) 

[82]. This software was specially designed for automatic atlas-based segmentation of brain white-

matter in neonates. Automated ROI analysis methods overcome the issues of time consuming and 

user-dependency that manual ROI selections face. The automated method relies on a neonatal atlas 

to register the subjects’ data. The use of a neonatal atlas accounts for the underdeveloped stage of 

white matter fiber structures in the neonatal brain compared to adult brains. 

For this research this pipeline is ideal to segment many different structures in a significant number of 

neonatal patients without user bias. Unfortunately, compatibility issues between different programs 

was a major problem. After several failed attempts to reinstall the pipeline, the decision was made to 

switch to manual segmentation instead. Manual selection has been done before [11] [58] [83]. For 

more information on this the reader is referred to Appendix C: Automatization of pipeline for atlas-

based segmentation of brain white-matter.  
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5.45.45.45.4    Statistical AnalysisStatistical AnalysisStatistical AnalysisStatistical Analysis    

IBM SPSS Statistics version 25 (SPSS Inc, Chicago, Illinois, USA) is used for all statistical analyses. 

Examining the different gestational age groups is what will give most insight in the developmental 

process of the brain. 

A test of normality, the Shapiro-Wilk test, was conducted on all clinical characteristics. Results are 

based on a 95% confidence interval. This means that a p-value ≤ 0.05 will reject the null hypothesis 

that the data is from a normally distributed population. For normal distributed data, correlations are 

indicated by a Pearson correlation coefficient R. This is a measure of the linear correlation between 

two variables. Whereas for not normal distributed data, correlations are indicated by Spearman’s rho. 

This is a measure which assesses the relationship between two variables, based on rank correlation. 

The R-squared value indicates the correlation strength, and is calculated by linear regression analysis. 

The R-squared value is the squared of the Pearson correlation coefficient R. Linear correlations are 

assumed for DTI parameters around TEA [64]. Therefore, even when a significant correlation was found 

for not normal distributed data indicated by Spearman’s rho, the R-squared value from the Pearson 

correlation coefficient is used to identify the correlation strength, since Pearson’s correlation 

coefficient is a measure for the linear correlation between variables. 

To be able to compare the gestational age groups to each other, it is important that all scan data is 

taken at the same post menstrual age; term equivalent age in this case. Since the term equivalent age 

is defined as 40 ± 3 weeks, the scan dates vary within this range. It is necessary to check whether the 

data needs to be corrected for differences in PMA. This is done separately for the gestational age 

groups for all parameters. In case of a significant PMA relation, the data is corrected to correspond to 

a value at 40 weeks PMA. 

A One-Way ANOVA test is done to see if there are significant differences in DTI parameters and volume 

between the three gestational age groups. This test only determines if there is a difference between 

groups but doesn’t tell what those differences are. Therefore, the Tukey post hoc test is conducted to 

show which groups differ from each other. 

To be able to understand what happens to the DTI parameters for WMIs present, a Spearman 

correlation test is done. As WMI is ordinal, this test will find significant correlations to WMI. This is 

done for the ADC, the FA and for bundle volume and both WMI (as we know it in four categories) as 

Woodward WM scores are investigated. 

And an independent samples t-test is done to investigate possible differences between the left and 

right brain structures between different GA age groups. 
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6666 Results white matter analysesResults white matter analysesResults white matter analysesResults white matter analyses    
The white matter structures investigated are the corpus callosum, genu, splenium, ALIC, PLIC and the 

fornix. In this chapter the differences in segmentation results between gestational age groups will be 

shown. The number of white matter injuries is depicted per gestational age group. And relations of DTI 

parameters and volume to PMA are discussed. Furthermore, the results will show the calculated 

parameters for the different gestational age groups. And the effect white matter injury has on the DTI 

parameters is investigated. 

    

6666.1 White matter segmentation.1 White matter segmentation.1 White matter segmentation.1 White matter segmentation    

Figure 23 illustrates the segmented fiber structures in a very preterm, late preterm and term born 

infant at term equivalent age. 

 
Very preterm 

 
Late preterm 

 
Term 

 
Figure 23: This depicts the segmented fiber structures at term equivalent age for a very preterm infant, a late preterm infant, 

and a term-born infant. All these infants are categorized in the mild white matter injury scale. 

 

The infants depicted here are all categorized as having mild white matter injuries. The white matter 

fiber structures in the very preterm infant show less fibers running towards the cerebral cortex than 

the late preterm and term born infant. The late preterm and term born infant’s fiber structures are 

more similar to each other. The late preterm infant’s WM fiber structures even appear to be fuller than 

in the term born infant, but there is another difference between the brains. The late preterm only 

shows the fibers on the posterior side of the brain running towards the cerebral cortex, whereas all 

the term-born infant’s fiber structures all reach towards the cerebral cortex. 
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6.2 White matter injur6.2 White matter injur6.2 White matter injur6.2 White matter injuries in study populationies in study populationies in study populationies in study population    

The histogram in Figure 24 shows the degree of WMI divided over the GA groups in the investigated 

study population. 

 
Figure 24: Study population divided per gestational age group, indicating the number of patients with normal, mild, moderate 

or severe white matter abnormalities/injuries. Abbreviations: WMI = White Matter Injury; GA = Gestational Age; VP = Very 

Preterm; LP = Late Preterm. 

White matter injury was present in all very preterm infants in different degrees of severity. The late 

preterm group has a majority with normal white matter and the term born group shows all degrees of 

white matter injury. The term born group relatively has the most severed injured cases. 

 

6666.3 .3 .3 .3 PMA correctionsPMA correctionsPMA correctionsPMA corrections    

Maturation of white matter is investigated by looking at different gestational age groups at the same 

post-menstrual age. In this way differences in development caused by degree of prematurity can be 

established. The scan date is around term equivalent, defined as 40 ± 3 weeks PMA. As the TEA’s range 

of 6 weeks is wide, PMA corrections have been applied to correct the values to 40 weeks PMA. 

Correlations to PMA were investigated in each GA group. Corrections are only applied when a 

significant linear correlation (p<0.05) was found between a parameter and PMA. The parameters 

investigated are fractional anisotropy (FA), apparent diffusion coefficient (ADC), radial diffusivity (RD), 

axial diffusivity (AD), relative anisotropy (RA), case linear anisotropy (Cl) and bundle volume (Vol). 

The statistical values of the PMA corrections are shown in Appendix D: Analyses. To adjust the value 

to 40 weeks of gestational age, the slope of the linear fit is used. In Figure 25 an example is given of a 

fitted correlation line and how PMA corrections are carried out. RD values of the right ALIC in term 

born infants showed the strongest correlation. 
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Figure 25: The line fits all radial diffusivity values in the right ALIC for term born infants by PMA linearly. The correlation was 

found significant and R² = 0.831 indicates the correlation strength to PMA is strong. Therefore, the values are corrected to be 

at 40 weeks gestational age. The slope of the linear fit is used to correct the values. An example of how values are adjusted is 

represented by the red arrow, pointing to an adjusted RD value indicated by the black dot at a PMA of 40 weeks. 

 

There are three gestational age groups, seven parameters, and eight different structures. This means 

168 values are analyzed for significant correlations to PMA. 60 out of 168 needed corrections. Table 7, 

Table 8, and Table 9 indicate the amount of significant PMA corrections needed per GA group, 

parameter and white matter structure respectively. Of the gestational age groups, the most amount 

of significant correlations to PMA are found in term-born infants (39 out 56), and the least amount in 

late preterm infants (8 out of 56). For the parameters the bundle volume was most correlated to PMA 

with 13 out of 24 cases, and AD the least with 5 instances out of 24. All anisotropies are more often 

significantly correlated to PMA than the diffusivity parameters. 

 

Table 7: Amount of PMA corrections needed per GA group. Total of values analyzed are 168; that is 56 per GA. 

VP LP Term Total 

13 / 56 8 / 56 39 / 56 60 
 

 

Table 8: Amount of PMA corrections needed per parameter. Total of values analyzed are 168; that is 24 per parameter. 

FA ADC RD AD RA Cl Vol Total 

9 / 24 6 / 24 7 / 24 5 / 24 11 / 24 9 / 24 13 / 24 60 
 

 

Table 9: Amount of PMA corrections needed per structure. Total of values analyzed are 168; that is 21 per WM structure. 

Left 

ALIC 

Right 

ALIC 

Corpus 

Callosum 

Fornix Genu Left 

PLIC 

Right 

PLIC 

Splenium Total 

8 / 21 10 / 21 11 / 21 1 / 21 10 / 21 5 / 21 9 / 21 6 / 21 60 
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Of the WM structures the corpus callosum had the most significant correlations to PMA; 11 out of 21, 

which is more than half of all measurements for this structure. The fornix clearly has the least amount 

of correlations to PMA, just 1 out of 21 measurements. 

From now on, the rest of the analyses are done with PMA corrected data. 

    

6666.4 Compare GA groups at TEA.4 Compare GA groups at TEA.4 Compare GA groups at TEA.4 Compare GA groups at TEA    

As mentioned previously in the literature study in chapter 4, in general volume and anisotropy values 

should show an increase and diffusivity values a decrease with gestational age when measured at TEA. 

First the diffusivity values and volume are visualized and compared in all white matter fiber structures. 

Significant changes (p < 0.05) between gestational age groups are denoted by an Asterix in the 

boxplots. After that diffusivity values and volumes of the structures are shown and discussed. In the 

boxplots depicting the results, the colors per WM structure are coherent to those used for fiber 

tracking and shown in Figure 19. 

 

Diffusivity and gestational age 

Figure 26, Figure 27, and Figure 28 show clustered boxplots, respectively of ADC, RD and AD per 

gestational age for every white matter structure.  The three images show the same axis, making it clear 

that the axial diffusivity is the largest diffusivity measured, radial diffusivity the lowest. And ADC values 

lie in between them. The corpus callosum, genu, splenium and the fornix show higher values of 

diffusivity in all cases when compared to the ALIC and PLIC. 

 

 
Figure 26: The apparent diffusion coefficient for all white matter structures per gestational age group. The asterix (*) indicates 

a significant difference between the gestational age groups for the specific white matter structure. 

The ADC values of the CC decrease significantly between VP - LP. The splenium has a significant 

decrease between VP – LP, and between VP – term. 
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Figure 27: The radial diffusivity for all white matter structures per gestational age group. The asterix (*) indicates a significant 

difference between the gestational age groups for the specific white matter structure. 

The splenium again shows significant changes for RD values between VP – LP, and between VP – term. 

 

 
Figure 28: The axial diffusivity for all white matter structures per gestational age group. The asterix (*) indicates a significant 

difference between the gestational age groups for the specific white matter structure. 

For AD, again, the splenium shows significant changes for RD values between VP – LP, and between VP 

– term. And both AD of the CC and the left ALIC decrease significantly between VP – LP. 

In all cases the diffusivity values are higher for the corpus callosum, genu, splenium and fornix, 

compared to the ALIC and PLIC. The fornix shows the biggest spread in values. 
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Anisotropy and gestational age 

Three anisotropy calculations are done for all WM structures: FA, RA and Cl. As anisotropies are 

dependent on each other, only the results of FA and Cl are shown here in Figure 29 and Figure 30. 

The anisotropies (FA, RA and Cl) of the left and right PLIC and the splenium show the highest values 

compared to other WM structures. 

 

 
Figure 29: The fractional anisotropy for all white matter structures per gestational age group. The asterix (*) indicates a 

significant difference between the gestational age groups for the specific white matter structure. 

 

For FA, there is significant decrease in the right ALIC between VP – term. For RA there are none 

significant changes between gestational age groups, therefore not shown. And for Cl, both for the CC 

and the splenium show significant increases between VP – LP and between LP – term. It should be 

noted that although the Cl decreases significantly between these GA groups, there is a slight increase 

between LP and term born infants. 
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Figure 30: The case linear anisotropy for all white matter structures per gestational age group. The asterix (*) indicates a 

significant difference between the gestational age groups for the specific white matter structure. 

 

Volume and gestational age 

 

 
Figure 31: For all white matter fiber structures, the bundle volumes are depicted split by gestational age group. The Asterix 

(*) indicates a significant difference between the gestational age groups for the specific white matter structure. 
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Obvious is the difference in size between the corpus callosum and other structures; it is a much larger 

structure. The CC also clearly has a larger bundle volume average for late preterm infants at TEA 

compared to very preterm infants. This difference is significant (p < 0.05). In the term born infant group 

the CC bundle size is lower than in the LP group, but higher as in the VP group. The other structures 

don’t have significant changes in size between the gestational age groups. 

 

Summary gestational age 

There were not many significant changes found for the measured parameters and the different 

gestational age groups. In the previously shown boxplots these are indicated with an Asterix, and it 

can be seen that there are not many significant changes per parameter. The amount of times a specific 

structure showed a significant change between GA groups is shown in Table 10.  

Table 10: Amount of times a significant change was found between gestational age groups for specific WM structures. 

Corpus 

Callosum 

Genu Splenium Fornix Left 

ALIC 

Right 

ALIC 

Left 

PLIC 

Right 

PLIC 

Total 

5 / 21 0 / 21 8 / 21 0 / 21 1 / 21 1 / 21 0 / 21 0 / 21 15/168 

 

The amount of times different gestational age groups showed a significant change to each other is 

shown in Table 11. No significant changes were found between late preterm and term born infants.  

Table 11: Amount of times a significant change was found between gestational age groups for the DTI parameters. 

VP – LP LP – Term VP – Term Total 

9 / 56  0 / 56 6 / 56 15 / 168 
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6666.5 White matter injury scores.5 White matter injury scores.5 White matter injury scores.5 White matter injury scores    

Changes in DTI parameters have been investigated for influence by PMA and/or GA, but this chapter 

will discuss how white matter injuries are related to DTI parameters. For convenience only the 

parameters ADC, FA and volume will be analyzed for all structures. Both WMI categories as Woodward 

WM scores are being investigated. Note that Woodward WM is only available for preterm infants (N = 

18). 

A Spearman correlation test is done to find significant correlations for the parameters and WMI scores, 

as this data is ordinal. Correlation coefficients and p-values are found in the Appendix. 

 

Figure 32: The ADC values in the CC are depicted here in relation to WMI categories. For increasing WMI the ADC increases. 

Figure 32 shows the strongest significant correlation found for ADC. It depicts the positive relation to 

WMI. Besides the CC, the splenium showed significant correlations for the ADC in both WMI and 

Woodward WM scores. 

FA showed no significant correlations to WMI, but volume did. The CC volume has a significant negative 

correlation to the Woodward WM score (Figure 33). And the volume in the fornix has a significant 

negative correlation to the WMI scores. 

 

Figure 33: CC bundle volume is significantly correlated to Woodward WM injury scores. 
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WMI and GA 

Since the population is small, it might be better visualized if the white matter injury groups were 

divided into just low and high WMI. The first being a combination of normal and mild WMI, and the 

second a combination of moderate and severe WMI. In Figure 34 there is an example of the ADC in the 

CC divided into two WMI categories, and plotted against GA. 

 

 
Figure 34: ADC in the CC plotted against GA. Left is normal and mild white matter injuries together. And right is moderate 

and severe white matter injuries together. 

This shows the ADC is lower for less severe WMI, and higher for the severe WMI. But this is a similar 

conclusion as one could take from Figure 32. 

 

Symmetry 

An independent samples t-test is done to check for significant differences in ADC, FA and volume 

between the left and right ALIC and between left and right PLIC. This is done for the different GA 

groups. 

First the VP group: In the PLIC there is a significant correlation for ADC and Volume. In the left PLIC 

ADC is lower (p = 0.005), and volume is higher than in the right (p = 0.022). And the volume in the left 

ALIC is significantly lower than in the right ALIC (p = 0.008). 

LP and term showed no correlations. 
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7777 Discussion whitDiscussion whitDiscussion whitDiscussion white matter analysese matter analysese matter analysese matter analyses    
This chapter discusses the results from the previous chapter about white matter analyses. The goal is 

to determine whether in our study population at TEA differences can be found in maturation of white 

matter between the gestational age groups. Another goal is to learn how white matter injuries are 

reflected in DTI parameters. 

 

White matter segmentation 

Segmentation is based on include- and exclude-ROIs drawn on FA color maps. As indicated previously, 

voxels are relatively big compared to fiber diameters, complicating ROI drawing for adjacent structures 

as fibers of the adjacent WM structure might be selected. The biggest challenges were selection of the 

PLIC, ALIC, and the fornix. The PLIC and ALIC sometimes appear to have overlap in fiber structures. And 

the ALIC and fornix have very adjacent fibers. Another issue was that the PLIC sometimes seemed to 

fade into the CC. But all erroneously selected fibers were found to be within the error margins. 

In the present study the default threshold values were used. Although Van Pul et al. previously used 

different tractography settings specific for neonates [58] [86], it has been found that a change in the 

standard minimum FA of 0.15 will reduce result quality. The estimated eigenvector direction becomes 

less accurate as FA decreases and becomes very sensitive to image noise [84]. 

The variability of the segmentation is clearly visible as the ALIC is sometimes quite narrow and other 

times very thick and running far downwards. When segmenting the fornix it often shows a curl on the 

anterior side, which is likely part of another white matter fiber structure. Unfortunately, this can’t be 

eliminated as the software does not provide the correct tool for this. Ideally a third kind of ROI should 

be incorporated into the software which allows for cutting the fibers off, instead of eliminating the 

fibers going through an ROI. This would also overcome the problem of the ALIC running so far down. 

The brains of the infants shown in Figure 23 are categorized as having mild white matter injuries. The 

VP brain clearly shows a smaller volume at TEA compared to the late preterm and term born group. 

From literature we know that for preterm infants maturation outside the womb is affected compared 

to normal maturation [75] [73] [76] [66] [68] [74] [71]. Also, whole brain white matter analysis studies 

found that smaller white matter volumes are associated with preterm infants and white matter injury 

[77] [76] [62] [78] [66], so this is exactly as expected. 

However, one would also expect to see a similar difference between late preterm and term infants 

compared at TEA. But oddly enough, the late preterm infant appears to have denser white matter fiber 

structures than the term infant. It could be that this LP infant has a higher than average fiber density. 

However, it is noticeable that the fibers of the LP infant don’t run towards the cerebral cortex on the 

anterior side of the brain, whereas the term born infants’ does. As we know from literature, the 

splenium will myelinate before the genu does [8] [34] [36] [53] [79]. This implies it matures sooner. 

Looking at the difference between the fiber-tracking results in the late preterm and the term born 

infant, it appears that the entire posterior region might mature before the anterior region does. 

 

White matter injuries in study population 

Of the three gestational age groups the late preterm group has the least amount of grave white matter 

injuries. The very preterm group shows more injuries that the late preterm group. This is as expected 

as the severity of white matter injuries is often related to the prematurity of birth [50]. By this fact 

alone, it would be expected that the term-born infants would have the least amount of injuries, but 
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this is not the case. As the data is taken through regular procedures, the data is biased for this study. 

Term-born infants are only scanned when suspected of brain injury. Therefore, the term-born in our 

study population are more likely to have injuries and thus are not a valid representation of the average 

term born infant. 

White matter injuries are present in all gestational age groups. Not all term-born infants are scanned 

but only those suspected of brain injury. Therefore, more pathology is found in the term-born group. 

Also, as they are usually scanned when suspected for asphyxia, DWI can be more affected. This can 

also be a possibility of why the fiber-tracking result of the LP infants looks more mature than the term-

born’s infant one in Figure 23. 

 

PMA corrections 

The PMA corrections were done per gestational age group to eliminate influences of any GA group. 

The main reason for separate PMA correction is because the term group is biased; the term-born 

infants are only scanned when brain damage is suspected. 

Most of the data was distributed normally, and thus Pearson’s R was used to identify the correlation 

between a parameter and PMA. Approximately 1/3 of all values needed a PMA correction, indicating 

that the brain – or at least some parts of it – is related to PMA. Most of these corrections were applied 

in the term born group, which might be because the term-born group does probably not include fully 

healthy patients. 

We did look at PMA corrections over the entire study population and found that the right ALIC and the 

right PLIC had significant correlations to PMA in most white matter structures. Shim et al. (2012) also 

found a strong relation for the ALIC and the PLIC to PMA [59].  

 

Compare GA groups at TEA 

All parameters for all structures are measured in the different gestational age groups. Significant 

changes were found between VP and LP, and between LP and term, but there was not one significant 

relation between LP and term. This indicates the term-born group might have many strong WMI scores, 

altering the DTI parameters. All significant correlations increased in volume, and anisotropy and 

decreased in diffusivity for increasing GA, expect for the FA of the right ALIC. This one showed a 

significant decrease between very preterm and term. 

As could be seen in Figure 8 [34], the expectation was for the splenium to myelinate sooner than the 

genu [8] [34] [36] [53] [79]. Myelination increases anisotropy in a tissue by restriction of water 

diffusion, and the splenium showed higher anisotropy values than the genu for all gestational age 

groups. Dubois et al. (2014) also depicted the PLIC is one of the earliest myelinating structures, and 

the PLIC together with the splenium showed the highest anisotropy values. 

Furthermore, the fornix and ALIC start myelination at the same moment but later than the PLIC. This 

trend can only be seen in the anisotropies and in volume, where the values for ALIC and fornix are 

lower (less matured) compared to the PLIC’s. In the diffusivity values, the fornix arises the ALIC and 

PLIC. If the image of Dubois et al (2014) is true, this might be an indication that diffusivity values are 

not a good parameter to estimate myelination, but anisotropy is. Another option is that the fornix 

matures at a different rate than the ALIC, which is already visible at TEA. 
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White matter injuries 

Increased white matter injuries were correlated with higher ADC values. This is as expected since Van 

Pul et al. (2012) concluded the same [58]. 

The parameters FA, ADC and volume were also plotted against Woodward WM scores. Since 

Woodward WM scores are specifically for preterm infants, the term-born group was eliminated. 

Woodward WM score showed a significant negative relation to volume, meaning a smaller volume was 

found for increasing white matter injuries. All significant findings implied that having white matter 

injuries has an adverse influence on maturation. Also, since the study population is small, and the 

preterm group consists of only 18 patients, indicating that the correlations found for parameters in 

relation to Woodward WM scores are really strong. 

WM injuries were divided into just two groups instead of four, hoping this would depict differences in 

parameters in relation to WMI better. But as the conclusion for the plots is the same as for the 

Spearman test, this method was not further employed. 

 

Symmetry 

The significant differences between left and right structures are tested with an independent samples 

t-test, and they were compared between the GA groups. No significant correlations were found for 

late preterm and term born infants, but we did find a symmetry correlation for preterm infants. The 

ADC, FA and volume are tested for the PLIC and the ALIC. FA was not significant in either. ADC in the 

left PLIC was lower than in the right PLIC. And volume was higher in the left PLIC, yet lower in the left 

ALIC, compared to right. What is interesting, is that the left PLIC shows typical maturational features 

(increase in volume, and decrease in ADC), whereas for the ALIC it is the right ALIC having a bigger 

volume than the left ALIC. Roze et al. (2015) did find significant differences for FA in the PLIC [4]. They 

found an asymmetry to be associated with poor motor outcome at 2 years of age, and symmetry was 

associated to normal outcome. As preterm infants are more prone to adverse neurodevelopmental 

outcome, and asymmetry is a measure for that, it is logical that we found statistical significance in 

asymmetry in the very preterm group. 

 

Limitations of study 

It is very likely that the term-born infants group varies too much to be able to find significant 

correlations between the gestational age groups. They are also scored differently for white matter 

injuries than preterm infants, but we categorized preterm and term under the same 4 categories for 

WMI. This method is not specifically made for this as the scoring systems are based on totally different 

abnormalities in the brain. And the study population is probably just too small to really find significant 

correlations.  
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8888 Simulating diffusion in white matter tissueSimulating diffusion in white matter tissueSimulating diffusion in white matter tissueSimulating diffusion in white matter tissue    
White matter of preterm infants is underdeveloped when they are born. But literature indicates that 

white matter in preterm infants is still less developed than in term born infants at the same PMA. To 

understand the maturational process of white matter it would be valuable to understand the 

microstructural changes that occur during development and how this influences the MR signal. 

In this study the maturation of white matter is characterized in diffusion properties and parameters 

gained from DTI. Knowledge on how maturation is reflected in DTI parameters can be gained by 

studying models simulating diffusion in white matter. A reason to use models to study the 

microstructural organization of the brain is because voxel sizes in the data are in the orders of 

millimeters, but axons that make up the white matter fibers tracts have diameters in the order of 

micrometers [15] [25]. A model is needed to make the translation to micrometers. 

There are various models simulating and analyzing the diffusion in the brain and they use different 

approaches. Many models are developed to study brain connectivity and networks by modelling the 

presumed underlying fiber structures and studying how these alter the MR signal. Other models try to 

interpret the brain’s complex fiber structure using real data. Monte Carlo simulations are applied 

broadly to simulate diffusion pathways possible in the structure. And a slightly different method is 

voxelwise statistical analysis. This method aligns voxels after registration to find changes in a patient’s 

brain compared to the multi-subject model. 

In this work a model is needed to describe the development of white matter. It needs to be able to 

simulate how maturation affects the MR signal and subsequent diffusional and anisotropy parameters. 

The goal is to find a relatively simple way to model the diffusion through white matter and to simulate 

maturation of tissue, without compromising too much on the credibility of the tissue structure. In this 

chapter, a general overview of different models is given. The model chosen for this study will be 

discussed. And the assumptions needed to simulate a trustworthy structure are explained in section 

8.3. But first a general overview will give more insights in how a tissue can be modelled, what 

assumptions have proven to be acceptable, and how these affect the results. 
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8.1 Model8.1 Model8.1 Model8.1 Model----based approaches for diffusion in white matterbased approaches for diffusion in white matterbased approaches for diffusion in white matterbased approaches for diffusion in white matter    

Models are split up into four main categories: analytical models, Monte Carlo simulations, real data 

models, and statistics models. 

Analytical models 

Analytical models are mainly used to predict how the MR signal and consequent DTI parameters 

behave for changes in tissue structure. These models aim in understanding how the signal might be 

influenced by maturation or pathology. For this, they use diffusion laws and constants to calculate and 

describe exchange processes on a cellular level. This is essentially the most straightforward class of 

models and is used very commonly to calculate the diffusion MR signal in white matter of the brain. 

As mentioned previously Stejskal and Tanner provided the initial mathematical analysis used in 

measurements determining the displacement of water molecules when using pulsed gradient spin 

echo sequences [48]. Linking a measured displacement profile to a model of physical and geometrical 

properties of the tissue, can provide structural information of the tissue. The equation from which 

diffusional properties can be calculated from the signal S is analogous to Equation (3.10) and is as 

follows V = V(0)eYZ∙\ (8.01) 

 

Here b is a factor accounting for all gradient terms depending only on acquisition parameters, and D is 

the diffusion coefficient. 

Szafer et al. (1995) investigated the theory behind these typical diffusion measurements based on 

Stejskal and Tanner equations [87]. They found that the interpretation of ADC depends strongly on 

tissue properties as they can greatly affect the MR signal. Important tissue properties affecting the 

signal, and which might be considered in a model, are intra- and extracellular diffusion coefficients, 

membrane permeabilities, cell sizes and the cellular volume fraction. 

To understand how the fiber organization influences measurable DTI parameters, multi-compartment 

models have been made. In general modelling of white matter needs at least two compartments; the 

intra-axonal space and the extra-axonal space. Often multi-compartment models assume hindered 

diffusion in the extra-axonal space due to glial cells and restricted diffusion in the intra-axonal space 

by myelination of axons [88]. 

The ball-and-stick (BSM) model by Behrens et al (2003) is the most basic model to describe white 

matter [89]. It is the simplest two-compartment model that can capture anisotropy. The technique is 

applied to the estimation of parameters in the diffusion tensor model to be able to estimate global 

connectivity, allowing for believed tractography results. This multiple tensor model represents two 

compartments; one with restricted intra-axonal diffusion represented by sticks and one with isotropic 

extra-axonal free water diffusion through a ball. The BSM can be formulated as follows: 

V = V(0)eYZ]^ +"V(_)eYZ]` (8.02) 

 

Where the diffusion coefficient D0 is for the ball of free water diffusion and Di are for the sticks, see 

Figure 35 for a schematic representation of this. 
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Figure 35: Representation of the ball-and-stick model by Behrens et al. (2003). For each voxel the free water diffusion is 

represented by a fully isotropic sphere, and the fibers are represented by an anisotropic compartment. 

An upgrade on the BSM is the CHARMED model. It stands for Composite Hindered and Restricted 

Model of Diffusion [90]. In this model, axons are represented as impermeable parallel cylinders. The 

extracellular isotropic ball in BSM is replaced with a full diffusion tensor, and the sticks have been 

replaced by cylinders with a finite radius. The model was proposed to provide a more complete 

physical description of axonal properties and of the diffusion process in white matter, by expressing 

the signal decay observed in white matter. 

Although models that incorporate intra-axonal restriction, such as the BSM or CHARMED model, 

generally explain the data better than a single diffusion tensor, results show that three-compartment 

models which also include glial cells explain measurements even more accurately. Stanisz et al. (1997) 

were the first that constructed a three-compartment model that consists of ellipsoids for restricted 

intra-axonal water, anisotropically hindered extracellular water and isotropically restricted glial cell 

water in the form of spheres [91]. The three compartments. The diffusion coefficients of intra-axonal 

and extracellular space differ from each other. Many tissue properties known to affect the signal are 

implemented in this model. 

A simpler two-compartment model, but one that uses different diffusion coefficients for intra-axonal 

and extracellular space as well, is the theoretical model for water diffusion in tissues by Szafer et al. 

(1994) [92]. It consists of boxes making up the tissue. The intra-axonal space has diffusion coefficient 

Di, and is surrounded by a membrane of permeability P, and the extracellular space has diffusion 

coefficient DE. Van Pul (2004) reviewed this model for ADC calculations and although consisting merely 

of axons and extracellular space, the model proved useful insights in how tissue parameters influence 

ADC [47]. However, since the model does not account for glial cells, it overestimates anisotropy and 

the influence of intracellular volume fraction. Van Pul derived a three-compartment configuration 

which does account for glial cells. The glial cells and extracellular space are in fast exchange, while 

there is no exchange with the axons. This assumption implicates all axons in white matter are 

myelinated, since myelin consists of many layers of membranes restricting the diffusion. However, 

white matter of the neonatal brain is not fully myelinated and that should be adjusted in the model. 

 

Monte Carlo simulation models 

Monte Carlo is a method simulating statistical phenomena using random numbers. It is based on 

repeating its measurement many times so that a distribution of possible outcomes can be generated. 

A random walk Monte Carlo simulation can be used to simulate many Brownian diffusion pathways 

through white matter tissue of various levels of complexity. And not only on neural tissue can the 

method be applied, but for example Wang et al. (2012) applied it on cardiac fiber architecture, 

performed in a restricted space to obtain the diffusion signal [93]. 

Monte Carlo simulations have been applied on the Diffusion Microscopist Simulator (DMS). DMS is 

developed in C++ and is made to investigate neural tissue specifications [94]. It simulates diffusion as 
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a random walk and provides information on how spins are effected by the DTI sequence. This gives 

insights into the link between fundamental diffusion processes in biological tissue and the features 

observed in diffusion MRI. The axons can even be modelled curved or in beaded-like shapes, signifying 

the broad amount of input possibilities making the interpretation of results difficult. 

Signal changes by diffusion through different geometric structures are simulated with Monte Carlo by 

Johansen (2017) [95]. The implementation consists of self-diffusion, wall detection and interaction for 

the diffusing particles, and of applying a gradient to generate the MRI signal. But adjusting tissue 

properties was difficult to implement. Szafer et al. (1994) used a simple representation of white matter 

in the form of a boxed tissue [92]. Random walk is implemented and positions and magnetization 

signals are updated in every timestep. The timestep is chosen small enough to ensure diffusive motion 

even across the shortest distances in the tissue. The permeability is modelled as a barrier with an 

assigned chance to pass through or be reflected at. After the desired diffusion time, the individual 

magnetizations are added and the echo signal is calculated according to: 

V(a, Δ) = b	1c"de(Δf)g
eh� b (8.03) 

  

With mj the magnetization for each particle. 

The basis for all Monte Carlo methods simulating diffusion in a tissue are similar in how to reenact the 

MR signal. The differences lie in the assumptions made for the tissue and in the sequences simulated. 

 

Models based on real data 

This category of models is developed to extract morphological information - like axon diameter - from 

real data in a clinical setting. By combining the morphological tissue properties to DTI parameters in 

individual patients, more insight are gained in the interpretation of these DTI parameters and how they 

are changed by different morphological tissue properties. The beauty of these models is that they can 

accurately predict underlying fiber structures in existing human data. Single-fiber orientations and 

multiple fiber orientations inside a voxel can be estimated, aiding in correct fiber-tracking. But the 

interest lies in estimations of white matter morphology from real data, and how these influence the 

MR signal. 

A model that needs real data is NODDI (neurite orientation dispersion and density imaging); a three-

compartment multiple tensor model including an intra-axonal component, an extracellular component 

and an extracellular fluid component [96]. It estimates the microstructural complexity of dendrites 

and axons in real data. It can even do this in vivo on MRI scanners. This might give more insight than 

standard DTI parameters like fractional anisotropy (FA), as it can map different parameters over the 

whole brain on clinical scanners presenting new visualizations of brain structure and development. By 

addition of a high-angular-resolution diffusion imaging (HARDI) protocol these visualizations can be 

optimized as this estimates the underlying fiber orientation. 

Another model using real data is AxCaliber. This method estimates axon diameters and distributions 

from real data [97]. It has been applied in different studies, for example the CHARMED framework has 

been extended with this method. Also Barazany et al. (2009) have used AxCaliber. They studied the 

diameter distribution of axons in the corpus callosum of the rat brain [98]. AxCaliber does seem to 

provide a good estimate of in vivo morphology of white matter [98], but Panagiotaki et al. (2011) found 
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that single-radius models are more stable than axon diameter distributions with similar fitting 

performance [88]. 

AxCaliber has also been combined with the assumptions of Stanisz’ three-compartment model to form 

the Minimal Model of White Matter Diffusion (MMWMD) [99]. It is designed to be the simplest model 

that adequately fits diffusion MRI data from white matter while estimating the axon density and 

diameter. In this combined model a single axon diameter is used, which is based on real data. 

Alexander et al. (2010) proposed a four-compartment tissue model combined with HARDI pulsed-

gradient-spin-echo acquisition to find orientationally invariant indices of axon diameter and density in 

real data. The goal is to better quantify brain connectivity and disease processes by adjusting 

acquisition parameters. Diffusion simulation is performed by Camino to estimate axon diameters and 

densities. The Camino toolkit is freely available, and runs on Unix software [29]. But the four-

compartment model has many confounders, affecting the interpretation of results. 

 

Models using statistical analysis  

The last group of models focusses on finding derivations from the normal in real patients, by using 

statistics. 

Voxel-based morphometry (VBM) is a technique that uses statistical parametric mapping. It eliminates 

user bias as is it fully automated and can aid in aligning the brains to be able to better compare subjects 

to each other. This also improves objectiveness in the interpretations of results. It was originally 

developed to find local changes in grey matter density [100], but has since been adjusted to be used 

for structural imaging studies looking for localized differences in whole-brain analysis. An FA analysis 

of the VBM technique has been developed to register each subject’s FA onto a standard space. 

Voxelwise statistics are then carried out to find areas which correlate to the covariate of interest. 

Results using VBM can be ambiguous since changes found might occur due to local misalignment [101]. 

A variation on VBM is the tract-based spatial statistics (TBSS) analysis, which is based on voxel-wise 

analysis of multi-subject diffusion data. This approach carries out localized statistical testing of FA to 

reduce the alignment problems. Individual subject’s FA data is projected into a common space 

independent on nonlinear registration. This is achieved by an initial approximate nonlinear registration 

followed by projection onto an alignment-invariant tract representation (the mean FA skeleton). TBSS 

can therefore overcome alignment issues by working in the space of individual subject’s tractography 

results, but this approach requires user intervention. Future improvements on this model are 

expanding the diffusion tensor information, rather than just FA. Since the aim of this study is to 

investigate multiple DTI properties, the model does not seem fit for this study and seems unnecessary 

complex to expand for multiple parameters [101]. 
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Conclusion 

Choosing a model suitable for this study is based on various characteristics. The main decisive factor is 

whether the model can depict how maturation is reflected in DTI parameters. To properly understand 

how white matter matures, the WM morphology should be adjustable. Since the hypothesis is that 

myelination of axons can be an indicative property of maturation, myelin should be one of the key 

features captures in the simulation of WM tissue. A balance should be found in a model that is 

sufficiently simple, yet complex enough to capture the key features of WM morphology. The more 

values can be changed, more difficult it will be to interpret the results when changing a tissue property. 

Only with specified WM morphology and a certain degree of simplicity will results give insights in what 

causes DTI parameters to change during maturation. 

The four categories are reviewed for the model’s purposes. In summary, what is needed in a model for 

this study is a simple model, that can estimate DTI parameters as a function of changes in white matter 

due to myelination. And it must not be based on real data as we don’t want the results or 

interpretations thereof to be biased by actual tissue information. The main conclusion on each 

category for all purposes is depicted in  

Table 12. 

 

Table 12: The four main categories for models are reviewed on the main purposes for the model. A � means that this category 

suffices that goal (in most cases), and a � means they don’t. 

 Analytical 

models 

Real data models Monte Carlo Statistical 

analysis 

Simplicity � � � � 

Measure all DTI 

parameters 

� � � � 

Measure effects 

of myelination 

� � � � 

Ability to use 

simulated data 

(no real data) 

� � � � 

 

By reviewing the model’s purposes per category, it is clear that an analytical model will work best for 

this study. Dividing the categories into easy or hard, and whether it will give wanted results or not can 

be visualized in a pick chart (Table 13). From this it can be argued that Monte Carlo methods are the 

right choice for a model, hence the high payoff, but it would be more challenging to implement it than 

an analytical model in the given timeframe of this study. Therefore, an analytical was chosen for further 

investigations on how to estimate or predict the signal changes due to maturation. The chosen model 

is the three-compartment model by Van Pul (2004) [47], which will be adjusted accordingly to be able 

to show maturation in the tissue. Section 8.2 will explain how this model is adjusted to fit this study.  

 

Table 13: A pick chart showing how the categories could be labelled for this research. The pick chart shows analytical models 

are relatively easy and have a high payoff, and should thus be implemented. 

 Low payoff High payoff 

Easy Possible 

Real data 

Implement 

Analytical 

Hard Kill 

Statistics 

Challenge 

Monte Carlo 
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8.2 8.2 8.2 8.2 The The The The modelmodelmodelmodel    

A schematic representation of the tissue structure and how myelination will be modelled, is drawn in 

Figure 36.    

 

Figure 36: Schematic representation of what the model looks like. Typically, white matter is modelled as parallel long axon 

fibers and spherical glial cells surrounded by extracellular space. Maturation is visualized as myelination of axon fibers. 

The model will be used to test the influence of maturation on the diffusional properties transverse and 

parallel to the white matter tract orientation. Myelination of white matter fiber tracts is simulated to 

study the maturation. The previously discussed model by Van Pul (2004) is chosen as a frame for the 

model with an adjustment based on Szafer et al. (1995) [92]. Van Puls model is an analytical three-

compartment model [47]. The compartments are: the intra-axonal space, glial cell space, and 

extracellular space, similar to those in Figure 36. The spaces are indicated by volume fractions. There 

are actually two possible options for this three-compartment model. The first does not allow for 

exchange between the compartments, and the second allows for fast exchange between glial cells and 

extracellular space. The latter will be used for this study, since we can assume that permeability of glial 

cell membranes is high enough to allow sufficient exchange in the typical diffusion times used in clinical 

practice. 

The fast-exchange model is described by a sum of exponentials indicating the signal decay. One 

exponential describes the axonal space and another exponential represents the fast exchange of glial 

cells and extracellular space. The model is described by six tissue parameters (Dgl, Dax, Decs, fgl, fax, and 

aax) and 2 sequence parameters (b, τd), and the signal decay is described by: 

VV(0) ⫽= �j$ exp(−R2j$) + (1 − �j$) exp m−R n �op1 − �j$ 2op + (1 − �)1 − �j$ 2qrs	tu 

 

(8.04) 

VV(0) ⫠= �j$ expn−R �j$&12w3t + (1 − �j$) expx−R y
�op1 − �j$ 2op + (1 − �)1 − �j$ 2qrs	z@ ⫠& { 

(8.05) 

  |_�ℎ	@	//= 1	�>�	@ ⫠= (1 − �j$)Y�& 

 

(8.06) 
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Herein the intracellular volume fraction � = 	�op + �j$ . The tissue parameters are the intra-axonal 

diffusion coefficient Dax, the glial diffusion coefficient Dgl, the extracellular diffusion coefficient Decs, 

glial volume fraction fgl, axonal volume fraction fax, and axonal cell diameter aax. Parameter estimates 

are discussed in the next section. The tortuosity is included by a parallel tortuosity factor @	//, and a 

perpendicular tortuosity factor @ ⫠ . By taking the parallel ADC as the first eigenvalue λ1 and the 

perpendicular ADC as λ2 and λ3, the anisotropy parameters can be calculated (Table 1). 

The model in this study will be used to determine changes in anisotropy and diffusivity parameters due 

to maturation. Maturation is seen as the myelination of axons, so this will be incorporated into this 

model. One way to do this is by changing the permeability of axons, as myelin is known for its insulative 

properties and will therefore lower the permeability. For this,  Szafer’s diffusion coefficient for the 

intra-axonal space is used as it depends on permeability [92]: 

2 = ~�2j$22j$ + ~� 

 

(8.07) 

Herein P is the permeability, Dax is the intra-axonal diffusion coefficient, and a is the axonal width. The 

assumption here however is that the axon is a square with cross section a x a, but the axonal diameter 

will be used instead as it is of a similar magnitude. 

As the expectation is that the permeability will have the greatest influence on the signal perpendicular 

to fiber direction, Szafer’s diffusion coefficient for the intra-axonal space given in Equation (8.07) 

should be implemented in equation (8.05), which describes the signal decay perpendicular to the 

fibers. However, Van Pul used an approximation for the diffusion coefficient for the intra-axonal space. 

The diffusion coefficient in a non-exchanging compartment is approximated by using the root-mean-

square displacement of the average propagator: 

�3& =< �& ≥ 2	w3 	E2N ⫠	= � ~�(�, w3)�&���Y�� ~�(�, w3)���Y� 	→ 	E2N ⫠	= 	 �j$&12w3 
(8.08) 

 

With ld the diffusion length, and P a triangular shaped average propagator. This approximation - 

derived in Equation (8.08) - is being replaced in Equation (8.05) by Szafer’s diffusion coefficient. 

The permeability of the axonal wall is not the only change during myelinating. The myelin itself will 

also take up a volume fraction. As the myelin’s permeability is incorporated into the new axonal 

diffusion coefficient (equation (8.07)), the myelin’s volume fraction fm will be added to the axonal 

volume fraction fax. The signal decay for the model will then look like: 

 VV(0) ⫽= (�j$ + ��) exp(−R2j$) +(1 − (�j$ + ��)	)	expm−R n �op1 − (�j$ + ��)2op + (1 − �)1 − (�j$ + ��)2qrs	tu 

 

 

 

 

(8.09) 

 

 VV(0) ⫠= (�j$ + ��) exp y−R ~�j$2j$22j$ + ~�j$z 
+�1 − (�j$ + ��)� expx−R y �op1 − (�j$ + ��)2op + (1 − �)1 − (�j$ + ��)2qrs	z@ ⫠& { 

 

 

 

 

(8.10) 
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|_�ℎ	@	//= 1	�>�	@ ⫠= �1 − (�j$ + ��)�Y�& 

 

(8.11) 

 

Now the intra-cellular volume fraction � = �op + �j$ + �� . The total volume fraction is the 

intracellular volume fraction and the extracellular volume fraction combined: � + �qrs = 1. And again 

the tortuosity is included by a parallel tortuosity factor @	//, and a perpendicular tortuosity factor @ ⫠. 

In the next section the assumptions for all values are estimated for the neonatal brain. 
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8888....3333    Model assumptionsModel assumptionsModel assumptionsModel assumptions    

Physiological values are of great importance for the model. Diffusion and tissue parameters listed in 

Table 14 aid in simulating water diffusion through WM tissue as correctly as possible. The values as 

found in literature and the used values for the model are explained. 

 

 

 

 

Table 14: Overview of parameters and their values necessary for modelling the diffusional changes in WM. 

Parameter Symbol Value Used value Comments 

Axon diameter aax 2.6 µm total radius [29], 

1 µm genu and splenium in rat [98], 

3 µm corpus callosum in rat [98], 

0.7 µm inner radius [30], 

0.6 µm adult human brain [30] 

0.6µm 

And ranged 

between 

0.2µm and 

2.2 µm. 

 

Myelin sheath 

thickness 

dm 0.1 µm in monkey brain [30], but 

found similar to human 

 

 Myelin thickness 

is 20% of axon 

diameter. 

Axonal volume fraction fax 0.7 [29], 

0.6 – 0.8 [102] assuming mass 

fraction equals volume fraction, 

0.87 [103] for adults 

 0.55 As glial cells 

outnumber 

neuron 10 to 1. 

g-ratio g 0.7 for adults [104] [105], 

1 for neonates until approximately 

35 weeks of GA [106], 

0.9 for term-born infants [106]. 

0.9 Assuming an 

intra-axonal 

volume fraction of 

0.55, myelin 

would take up 

almost 10% of 

volume with this 

g-ratio. 

Myelin volume fraction fm 0.002 for term-born infants [32], 

0.13 for adults [32] 

0 – 0.10 See g-ratio 

Glial volume fraction fgl Approximately 0.2 [23], assuming 

newborns have fewer glial cells 

than adults 

0.2  

ECS volume fraction fecs 0.2 [23] [107] 0.2-0.3 Newborns have 

fewer cells than 

adults, so more 

ECS [30] 

Extracellular diffusion 

coefficient 

Decs 3·10-9 m²/s [98], for water at human 

body temperature (37°C) 

  

Diffusion coefficient 

glial cells 

Dgl Assuming Dglia-ecs = 2.5·10-9 m²/s 

[92] is an average. And since Decs = 

3·10-9 m²/s [98], and fgl ≈ fecs, Dglia = 

2·10-9 m²/s. 

2·10-9 m²/s  

Intra-axonal diffusion 

coefficient 

Dax 1 ·10-9 m²/s [92] 

1.4·10-9 m²/s [98] 

1·10-9 m²/s  

Membrane 

permeability 

P 1·10-5 m/s  [92] for axon membrane.  1·10-1 - 1·10-

9 m/s 

To simulate 

insulation from 

myelin 

permeability will 

be lower 
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All parameters and values in Table 14 speak for itself, except for the g-ratio. This is defined as the inner 

axon radius divided by the outer axon radius as is illustrated in Figure 37. The g-ratio for term-born 

infants is 0.9. By using the surface of a sphere which represents a transverse slice of the axon, this 

would mean that myelin could be as much as 19% of the intra-axonal volume in neonates of 40 weeks 

PMA. Assuming the glial space and extracellular space are a volume fraction of 0.45, their remains an 

intra-axonal volume-fraction of 0.55. 19% of that fraction is close to a total volume percentage of 10% 

for myelin. 

 

Figure 37: Schematic representation of an axon and its myelin sheath illustrating g-ratio. Image from Paus and Toro (2009) 

[103]. 

 

Parameters varied in the model to simulate maturation 

For permeability of the axon membrane Szafer used P = 1·10-5 m/s. As myelin sheaths are composed 

or resembling materials [27] [28], the permeability for myelin will be of a similar magnitude. As myelin 

is basically stacking of membrane layers, it will decrease the permeability upon maturation, so it is 

interesting to see the effect of a decreasing permeability. As it is doubtful whether neonates have any 

myelin at all protecting the axon, the model will also simulate a few permeabilities higher than the 

permeability Szafer used. Permeabilities in the model will therefore range from 1·10-1 m/s to 1·10-9 

m/s. 

Another interesting parameter that might give insights in the maturation of different WM structures, 

is the axonal diameter. Some structures are known to mature earlier, and it would be interesting to 

investigate whether that can be related to axon diameter. The axon diameter is therefore ranged 

between 0.2 µm and 2.2 µm. See next section for the results on the model. 

    

8.8.8.8.4444    Model resultsModel resultsModel resultsModel results    

To simulate the maturation as the myelination of axons, the permeability is decreased and axon 

diameters are increased. The 10% increase of the intracellular volume fraction f represents the myelin 

fraction. 

Due to assumptions for the eigenvalues, the case linear anisotropy and relative anisotropy are the 

same, so only one is visualized. 
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Permeability 

By decreasing the permeability P from 1·10-1 to 1·10-9 m/s, the following results were obtained, see 

Figure 38. The arrows indicate the direction of decreasing P. 

 

Figure 38: DTI parameters change due to permeability change. The intra-cellular space f consists of intra-axonal space fax = 

0.5, the glial cell volume fraction fgl = 0.2. And a myelin volume fraction fm ranges from 0 to 0.10. ECS is adjusted accordingly. 

D is dependent on the permeability P, which ranges from 1·10-1 to 1·10-9 m/s in steps of 10-2. Arrows indicate decreasing 

permeability. The diffusion coefficient for extracellular space is Decs = 3·10-9 m²/s, and for glial cells Dglia = 2·10-9 m²/s. The 

axonal diameter aax = 0.6·10-6 m. Using b = 1000 s/mm² and τd = 10ms for calculations. 

 

Parallel ADC does not change when permeability changes. The diffusivity values decrease for 

decreasing permeability, and the anisotropy values increase with decreasing permeability. The 

permeability takes steps of a factor 10-2. This is a big step as can be seen from the results. It is 

noticeable however, that the lines for P = 10-3 and for P = 10-7 are not visible. When plotting these 

values of permeability separately, they show the exact same values as for P = 10-5 and for P = 10-9 

respectively. 

The changes due to volume fraction of myelin are visible, but they are not as strong as the differences 

obtained by changing the permeability. The extra volume fraction of myelin into the intracellular 

volume causes diffusivities to slightly decrease and anisotropies to increase very lightly. 
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Axon diameter 

The axon diameter is increased in the model to simulate a structure with either wider axons or having 

more myelin. By increasing the axon diameter from 0.2 µm to 2.2 µm the following results were 

obtained (Figure 39). 

 

Figure 39: DTI parameters change with change in axon diameter. The intra-cellular space f consists of intra-axonal space fax = 

0.5, the glial cell volume fraction fgl = 0.2. And a myelin volume fraction fm ranges from 0 to 0.10. ECS is adjusted accordingly. 

Decs depend on the permeability P=1·10-5 m/s. The diffusion coefficient for extracellular space is Decs = 3·10-9 m²/s, and for 

glial cells Dglia = 2·10-9 m²/s. The axonal diameter aax is increased from 0.2 µm to 2.2 µm. The arrow indicates the direction of 

increasing axon diameter. Using b = 1000 s/mm² and τd = 10ms for calculations. 

An increase in axonal diameter leads to an increase in diffusivity and decrease in anisotropy values. 

There are no strong differences noticeable between different axon diameters for a specific DTI 

parameter. The myelin addition of 10% volume (from 0.7 to 0.8 intracellular volume fraction) can be 

seen clearly in the results; the extra amount of intracellular volume causes diffusivities to decrease 

and anisotropies to increase. For this simulation the permeability was used that Szafer et al. (1995) 

used for their axon: P = 10-5 m/s [92]. 
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8.5 Discussion model8.5 Discussion model8.5 Discussion model8.5 Discussion model    

Good assumptions are key to a good model.  Therefore, to be able to model the development of white 

matter structures as good as possible, information about WM tissue is needed. By simplifying the 

structure of the tissue, it is easier to model and to interpret the results. But this can also cause results 

to be compromised. By tiny additional errors in the model’s assumptions, the results may stray far 

from the truth. 

In general, just by adding an intra-cellular volume fraction, the diffusivities showed a decrease and 

anisotropies an increase. This is already as expected for maturation [34] [57] [59]. When looking at the 

values of our white matter analyses (Figure 26 to Figure 30) we can see that axial diffusivity (ADC//), is 

higher than ADC (MD), which is again higher than radial diffusivity (ADC
┴

), and this is visible in the 

modelled values as well. 

 

Permeability 

Both permeability and axon diameter had no (visible) effect on the ADC//. For permeability this is as 

expected. Since fibers run in the parallel direction, the permeability effects of the axonal walls are 

modelled in the perpendicular direction to the axons. Herein we have assumed that the layers with 

this permeability are thin enough to be neglected when measuring parallel. 

The permeabilities that appears to have the most realistic values are either P = 1·10-1 m/s or P = 1·10-5 

m/s. This is when comparing the results to our own white matter analysis, but also when compared to 

values of the model by Van Pul (2004) [47]. The permeability of P = 1·10-5 m/s was the one chosen by 

Szafer et al. (1995), which is thus validated as a good assumption. But as this assumption was made 

for adults, it is not unexpected that neonates can have a higher permeability. This most likely means 

that our study population is not fully myelinated; a normal condition for newborns and especially for 

preterm infants. 

What is odd, is that some of the permeabilities overlap. One would expect that for a value lying 

between two other values, there would also be a line in the graphs between those values. Perhaps this 

has something to do with definitions in the model or with the diffusion coefficient from Szafer et al. 

(1995). It is possible that implementation of this diffusion coefficient into Van Pul’s model caused some 

compatibility issues, and we needed to adapt more in the model to correctly use this permeability-

dependent diffusion coefficient. 

 

Axon diameter 

The general outcome of the increase in axon diameter is as expected; the diffusivity parameters 

increase, and anisotropy values decrease with increasing axon diameter. This is a similar trend as in 

Van Puls model before alterations. Another study also mentioned that for high axon diameters the 

signal is sensitive to higher diffusivities and vice-versa [29], which is in agreement with what we see in 

our results even if the effects are small. 

The range of axon diameters are very realistic sizes [25] [29]. And Szafer’s permeability of 10-5 m/s has 

not only been used before in their paper, but also appeared to be one of the most realistic 

permeabilities. Yet, the results for varying the axon diameter are not very realistic. Ideally the 

diffusivities could be a bit higher, and the anisotropies a bit lower. 
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Future outlook model 

As there are many assumptions made for this model, and every one of them affects the result, they 

should be tailored to be coherent to each other to give more realistic results. This will decrease the 

chances of possible erroneous assumptions adding up. An example of how this can be done is by setting 

a fixed g-ratio in the model. This ratio is defined as the inner axon radius divided by the outer axon 

radius, and will therefore adjust the amount of myelin accordingly when adjusting axon diameters. 

For future research I would recommend really giving myelin its own volume fraction in the model. In 

this study the myelin volume fraction was simulated as an increase in intra-axonal volume fraction. 

This was done in combination by giving the axons the permeability coherent to myelin, but this means 

the axons lose their own role in the tissue. If myelin has its own volume fraction, this compartment 

can have its own permeability, and the normal processes of the axon could be restored. 

Also, if myelin really does increase to as much as 10 percent of the volume, it is highly unlikely that the 

perpendicular signal is not affected by this. So, adding the effects of myelin to the parallel equations 

would be even a step further. 
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9999     ConclusionConclusionConclusionConclusion    
The goal of this study is to investigate how DTI parameters change in different gestational age groups 

at term equivalent age and how white matter injuries affect these parameters. To better understand 

the effects of the microstructure of the brain on DTI parameters, the MR signal through a modelled 

white matter fiber tissue was simulated. 

Between the very preterm and the late preterm group a lot of DTI parameters changed significantly, 

and between the very preterm and term group as well. But there were no significant changes between 

late preterm and term. A logical explanation for this is that this is due to the biased term-born infants, 

as they are only scanned when suspected of brain injury. However, in general the correlations found 

between gestational age groups depict the expected changes that occur with maturation: decreasing 

diffusivities and increasing anisotropies for increasing gestational age. 

WMI tends to have the opposite effect on DTI parameters that normal maturation would have. This 

was also the case in this study: increased ADC and decreased volumes were correlated to increasing 

WMI. 

Symmetry in the brain was tested between left and right ALIC and PLIC, between the different 

gestational age groups. The late preterm and term-born infants showed no correlations for asymmetry. 

But the very preterm group did. For the left side of the PLIC the ADC was lower and the volume higher 

than on the right. The ALIC showed an increased volume on the right side of the brain compared to 

left. Asymmetry can thus be a factor that is dependent on the degree of prematurity. 

A model was built to simulate the diffusion through the brain and to understand how the DTI 

parameters are affected by morphological changes. The maturation was modelled by adding a 

permeability to the axonal compartments, and by increasing axonal volume fraction to simulate myelin 

increase. A decrease in permeability showed an increase in anisotropy and a decrease in diffusivities. 

Modelling myelin as an axonal membrane with permeability did alter the parameters as was expected 

for normal maturation. 

 

Future outlook 

The study population was small, undermining some analyses and conclusions as correlation strengths 

often are weaker with less subjects. A bigger study population is therefore desired. It would also be 

best if all term-born infants could be scanned when doing a similar research, so that the term-born 

group in the study would not be biased. Although the white matter injuries are categorized the same 

for preterm and term born infants, it is likely that term born infants show different white matter 

injuries. 

As became apparent there was a variability in the manual segmentation accuracy of white matter fiber 

tracts. Another disadvantage of the manual ROI selection is that it relies on parcellation into 

anatomically defined regions a priori. This means that the user needs to have an extended knowledge 

on brain anatomy. Whereas with an automated segmentation method the user would need far less 

anatomic knowledge as structures are labelled by a predefined atlas. This would overcome the 

laboriousness and user-dependency of the manual ROI selection. 

If the manual multiple-ROI-method were to be chosen again, it would be beneficially for segmentation 

if a cut-off ROI could be implemented. Instead of eliminating all fibers going through an ROI, this ROI 

would cut the fibers off at a given height. 
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Another option that might increase the correctness of fiber segmentation, is by adjusting the algorithm 

settings for tractography. By allowing a smaller maximal angle change, it is less likely that fibers 

belonging to another structure are included when segmenting a specific structure. Unfortunately, this 

will still not function when adjacent structures have fibers running almost parallel. In the future it 

would be valuable if a more optimized methodological approach in a larger study population would 

investigate different threshold values for WM structures with different characteristic curvature and 

length sizes. 
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AppendicesAppendicesAppendicesAppendices    

Appendix A: Appendix A: Appendix A: Appendix A: nWMOnWMOnWMOnWMO    applicationapplicationapplicationapplication    

Prior to this study a request was written and sent to determine whether the medical ethics committee 

(METC) needs to approve this study. As our study is retrospective, it was determined to be non-WMO 

binding, and the METC does not need to approve it. The original nWMO application can be read below. 

As the reader will notice, our first idea for this study was to work with an atlas-based automated white 

matter segmentation pipeline. Due to compatibility issues amongst others the pipeline was not 

included in this project. Although carried out differently, the goal remained the same. Read ‘Appendix 

C: Automatization of pipeline for atlas-based segmentation of brain white-matter’ for more 

information on this topic. The study continues to be retrospective, data is anonymized properly and 

we are still trying to find predictive markers in the MRI data that can be associated to 

neurodevelopmental outcome. Therefore, even though the method of our study did change, no new 

application was refiled since the goal remained the same. 

nWMO application: Detection of a predictive marker for neurodevelopmental disorders of preterms. 

Research group: Jessica Burger (master student), Carola van Pul (supervisor), Peter Andriessen 

(supervisor). 

Introduction 

Water diffusion is anisotropic in organized tissues, such as white matter (WM). Diffusion is restricted 

by fibers in the tissue and becomes more anisotropic when the tissue has a stronger structural level. 

Measuring diffusion can be done by a magnetic resonance imaging (MRI) technique called diffusion 

tensor imaging (DTI). DTI can visualize fibers by detecting the main anisotropy direction.[1,2] 

Fiber-tracking (FT) WM of preterm infants gives insight in the developmental phase of the brain. The 

process of myelination of the brain, which is directly reflected in increases in anisotropy, can therefore 

be followed by DTI. This non-invasive technique is used to study neurodevelopment of preterm 

infants.[1,2,3,4] 

Early identification of neurodevelopmental disorders in preterm infants can help in intervention 

strategies that aim to improve outcome. In previous studies possible predictive markers for this are 

identified. For example a reduced CC volume correlates with motor function and cognitive 

impairment.[3,4,5] However, manual labelling shows a large user-bias.[4,5] An automatic 

segmentation pipeline has been developed and is currently available.[6] But this pipeline is not yet 

fully automatic and shows some problems. The atlas used is based on just 3 neonatal brains which 

might not be representative enough. 

Finding more results for predictive markers by WM FT and using an improved neonatal atlas based 

segmentation will aid in the prediction of neurodevelopmental disorders. 

Aim 

The goal of this study is to adjust the atlas on which WM segmentation is based to fit properly for 

neonatal brains. And this will aid in our research to develop an improved WM segmentation method 

based on FT to determine predictive markers for neurodevelopmental disorders in WM maturation of 

preterms. 

Study procedure 
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This is a retrospective study where all DTI-MRI data for neonates hospitalized in the NICU (Neonatal 

Intensive Care Unit) from January 2012 to May 2016 will be eligible for further processing. This data 

was acquired as part of the regular clinical routine. First the quality of the DTI is assessed. All patients 

with acceptable image quality are included in this study. A DTI is defined to be non-acceptable when 

the fractional-anisotropy (FA) map shows large artefacts, such as wrong color maps or motion 

artefacts, because this can interfere with fiber tracking. 

Data will be coded and stored anonymously. It will be stored for a (maximum) period of 15 years. 

Participants will be assigned a study number according to order of inclusion. At first only the most 

recent 30 neonates with a good quality DTI-MRI will be included in this study, so their code will be 

17001, 17002, .., 17030. Only the coordinating and primary investigators know the key to this code. 

The handling of personal data complies with the Dutch Personal Data Protection Act (Wet Bescherming 

Persoonsgegevens). 

In Figure 40 a brain slice from DTI data is shown. That same slice is depicted with a main eigenvector 

direction for anisotropy. Specific colors indicate a specific direction. [5] 

 

Figure 40: Different DTI visualizations. Left: scalar anisotropic map for fractional-anisotropy for a brain slice. Right: main 

eigenvector direction in the same brain slice. [5] 

The data will be used to improve the current pipeline for WM segmentation and make the atlas more 

patient-specific and suitable to neonates. This pipeline is less time consuming than a manual method, 

but still takes long. This study will investigate possibilities to increase the speed and accuracy of 

automated tractography in neonates. 

If eventually the pipeline works successfully with an improved atlas for neonates, we would like to 

have the permission to evaluate a larger population to address our second research objective; finding 

a predictive marker for WM maturation. Looking at more data will give a more accurate assessment 

for a possible marker defining WM maturation. 

With a faster automated pipeline for WM segmentation and an adjusted atlas to neonatal brains, fiber-

tracking WM in neonates can aid in finding a predictive marker for WM maturation which correlates 

to neurodevelopmental disorders. The results will be compared to available data for 

neurodevelopmental outcome. 

Data management 

The DTI data is anonymized directly after storage on the MRI computer. A key file will be used to be 

able to check specific data. Only the coordinating and primary investigators will have the key to this 
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file. This study is entirely retrospective, using data that is already available and was obtained as part 

of the clinical routine. 
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Appendix Appendix Appendix Appendix BBBB: Protocol ROI selection: Protocol ROI selection: Protocol ROI selection: Protocol ROI selection    

The ROI selection for this study is done manually, but is based on previous studies. In the used software 

(DTI FiberTrak, MR Clinical application, Philips) a selection of fibers is made by drawing ROIs on a 

chosen plane. The ROI can be an inclusion or an exclusion of all fibers going through it as previously 

explained in ‘Methods white matter’. This way a proper defined fiber bundle selection can be made. 

To ensure reproducibility the ROI protocol is given in a step-by-step manner. In most cases it is useful 

to let the program show intermediate FT steps. This way it becomes clear earlier when there are axons 

that should be eliminated from the structure and where exactly to place exclude-ROIs. 

ROI selection corpus callosum 

The full selection procedure for the CC is shown in 5.4 Segmentation of brain regions. The commissural 

fibers of the corpus callosum can be selected by drawing ROIs in the sagittal plane. To ensure selection 

of fibers in only this direction, 2 ROIs around the midsagittal plane are drawn, outlining the CC widely. 

A previous study by van Pul et al., (2012) [58] empirically showed this manual selection procedure 

works. The ROIs were positioned 3 sections (4.2 mm) apart, and less than this would result in too many 

erroneously traced fibers. Having an acquired voxel size of 1.41 mm in the sagittal direction, 3 or 4 

slices were used as the distance between the ROIs. Step by step selection procedure of depicted here 

again in Figure 41 (similar as Figure 21). 

1  

                                                 CC 

 

 

 

 

 

2 

 

3 

 

4 

 

Figure 41: Selection and segmentation procedure of the corpus callosum. For all images the anterior side of the head is on the 

left. In the first image (1) a midsagittal plane of the brain is shown where the CC is clearly visible in red as appointed by the 

arrow. In the second (2) the CC is widely outlined by the green ROI. In the next step (3) a similar ROI is drawn around the CC 

again, 3 slices apart from the first ROI. And in the last step (4) fiber tracking gives the pink fiber structure as a result for the 

entire corpus callosum. 
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ROI selection genu 

In Hasegawa et al. (2011) and Palmer et al. (2002) the CC is divided into subregions. Based on these 

the genu and splenium are defined as the anterior 1/3rd and posterior 1/5th of the CC respectively [37] 

[85]. See image Figure 42. 

 

Figure 42: The CC is divided into subregions based on the longest antero-posterior (A-P) line. 1, rostrum; 2, genu; 3, rostral 

body; 4 anterior midbody; 5, posterior midbody; 6, isthmus; and 7 splenium. Image from [37]. 

Since the rostrum is hard to distinguish from the genu, it is included in segmentation hereof. Also the 

rostral body – or anterior genu as it is called sometimes - is included in genu segmentation, so that a 

clear divisional line can be made at 1/3rd of the anterior CC [25]. 

1. Outline the anterior 1/3rd of the CC roughly with 2 ROIs around the midsagittal plane. 

Consistent with ROI-selection of the CC, keep a distance of 3 or 4 slices between them. The 

same sagittal planes used for the CC ROI selection can be used. 

2. Place exclude-ROIs peripherally to the curvature of the fiber bundle on both sides (left and 

right). These ROIs are parallel to the previous ROIs in the sagittal plane and will exclude 

apparently flared fibers. 
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1 

 
First ROI in sagittal plane 

 

2 

 
Two ROIs 3 sections apart 

3 

 
Place exclude-ROIs for flaring fibers 

4 

 
Fiber tracking result 
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ROI selection splenium 

The posterior 1/5th of the corpus callosum is seen as the splenium (see  Figure 42). 

1. Outline the posterior 1/5th of the CC roughly, at the midsagittal plane. Keep 3 of 4 slices in 

between them, consistent with the CC selection method. 

2. Visualize a coronal plane anterior to the midsagittal curve of the splenium. In this plane (an) 

exclude-ROI(s) will be drawn to eliminate fibers going in the anterior direction. 

 

1 

 
Two ROIs around midsagittal plane, 

outlining the posterior 1/3rd of the CC. 

 

2 

 
Intermediate fiber tracking result with the two 

ROIs from step 1. 

3 

 
Place exclude-ROIs 

4 

 
Final fiber tracking result for splenium 
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ROI selection PLIC 

The PLIC bundle can be defined by 2 ROIs drawn in parallel transverse slices. This method is based on 

FT in Van Pul et al., (2012) [58]. The same procedure is followed for both hemispheres separately. 

1. First ROI is placed on the transverse slice that shows the anterior commissure (ac). Be careful 

to tightly trace the PLIC, because the fornix fiber bundles also run in a foot-head direction 

adjacent to the PLIC. 

2. Next, scroll in the superior direction for approximately 3 or 4 slices until the left and right 

PLIC start moving in lateral directions. Again trace the PLIC very tightly. 

3. If either the left or right PLIC show fibers curving to the other hemisphere, place an exclude 

ROI on a (mid)sagittal slice preventing the fibers from crossing to the other half of the brain. 
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ROI selection ALIC 

Use a transverse slice to define where the ALIC runs. It is probably the brightest in between the two 

slices used for the PLIC selection. The same procedure is followed for both hemispheres separately. 

1. Place a coronal slice at the anterior part of the ALIC, and draw a ROI at the height of the 

transverse slice. 

2. Replace the coronal slice posteriorly on the ALIC and again draw a ROI at the height of the 

previously indicated transverse slice. 

3. If fibers cross over to the other hemisphere, place a (mid)sagittal exclude ROI. 
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ROI selection fornix 

Trace fornix using the transverse planes M, O, and Q of the DT imaging color maps shown in Wakana 

et al., (2004) [83]. See Figure 43, Figure 44 and Figure 45. In these planes of DT images the fornix is 

indicated clearly and is therefore a clear indicator as to where to find the fornix compared to other 

anatomical landmarks. 

1. Place ROI in transverse plane at same anatomical level as the anterior commissure (ac), see 

image M. Outline the area between the ac and the left and right PLIC, include the ac. 

2. Scroll in the superior direction (upwards towards the head) until the bright blue dot of the 

fornix is visible, comparable to image O. Draw the ROI around this blue spot; stretching as 

wide as to the PLIC left and right. But be careful not to include them, for no unwanted fibers 

to be selected. 

3. Scroll upwards again until an image comparable to image Q appears and the fornix is at its 

brightest green. In this image the green triangle representing the fornix can be selected as 

an ROI; draw circle wide around it. 

4. The fornix is curved characteristically. Posterior to the curvature of the fornix, place a 

coronal slice and use exclude-ROIs to delete fibers flaring to the back of the head. 

5. Same for fibers flaring to anterior and superior direction of the head 

Experimentally this has shown to be a successful method to FT the fornix, when allowing for a maximal 

of 10% volumetric percentage of artefacts or fibers belonging to different structures. 

 

 
Figure 43: location of ac, fornix runs 

closely by this anatomical landmark. 

Image adjusted from [83] 

 
Figure 44: Heading in the superior 

direction, try to find a comparable slice 

where fornix shows up bright blue. 

Image adjusted from [83] 

 
Figure 45: Find the ‘green triangle’ 

representing the fornix and trace this 

widely. Image adjusted from [83]. 

   

 

See next page for the steps in selecting the fornix. 
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Appendix Appendix Appendix Appendix CCCC: Automatization of: Automatization of: Automatization of: Automatization of    ppppipelineipelineipelineipeline    for atlasfor atlasfor atlasfor atlas----based segmentation of brain whitebased segmentation of brain whitebased segmentation of brain whitebased segmentation of brain white----

mattermattermattermatter    

The 2014 master thesis by L.T. Fonseca was named Automatic atlas-based segmentation of brain 

white-matter in neonates at risk for neurodevelopmental disorders. In this thesis she implemented a 

semi-automatic pipeline for atlas-based segmentation of WM DTI tractography. The pipeline was 

based on an atlas consisting of 3 neonatal brains. Compared to manual segmentation methods, this 

method is less time consuming and eliminates user-dependency. 

Initially the goal for this research was to use this pipeline for segmentation to eliminate possible user-

biased selection of regions of interest. Unfortunately, since this pipeline was set up a few years ago, 

there were major compatibility issues with the written code and new versions of previously used 

programs. 

Dr. Anna Vilanova, previously part of the Biomedical Image Analysis group of the Eindhoven University 

of Technology, has lent a helping hand at the time of Lucia’s Thesis and was willing to help me with the 

pipeline this time. With her insights I was able to understand where any errors were in the pipeline, 

and presumably how to solve them. But after a few weeks we came to an understanding that it would 

take a lot of time getting rid of all errors and the course for this research was altered back to manual 

segmentation methods. I will try to explain the errors we encountered might anyone be interested to 

get the pipeline to function again properly. 

So the programs needed for the pipeline are: matlab, python, vist/e, 

vistasoft toolbox for matlab, and vtk. The pipeline consists of multiple 

steps. The pipeline runs on matlab, from which the different steps of the 

pipeline are called as some are written in a different language. The entire 

pipeline runs automatically, and the user does not need to tune any 

parameters. There is only one exception: the user needs to manually 

initialize the tractography algorithm in the pipeline. This is done in vIST/e, 

a software tool developed at the Biomedical Image Analysis Group from 

the University of Eindhoven [http://bmia.bmt.tue.nl/software/viste/]. 

And after tractography, the pipeline continues automatically. 

So what issues did we encounter? Well, the first steps are performed in 

matlab itself after loading in patient data. Since I used a newer version of 

Matlab, some functions changed. But after changing some minor details in the code, this worked just 

fine. The pipeline’s matlab code itself is easy to understand, and thus easy to alter. Then comes the 

tractography step, which is done is vIST/e. The download still works. From the previous steps in Matlab 

tensors were calculated, which are loaded into vIST/e. This is needed for fiber-tracking, which worked 

beautifully. The result is then saved and will be opened in matlabs next step. 

These next steps are based on executables. These are written in C++ and called via Matlab. 

Unfortunately, the executables did not work. We tried it on different Windows versions, older and 

newer ones. We tried to download the previously used version of VTK, but VTK 5.8.0 was not available 

for downloading anymore. So we tried to build and configure VTK using Visual Studio, but we kept 

encountering problems. We tried to build the executables with Cmake, but nothing worked. Even some 

of the C++ coding had changed over the years, and unfortunately I am not familiar with C++. The best 

option to get the pipeline to work is to rewrite the executables, maybe even in Matlab, which will 

probably make it slower, but then there will most likely be less compatibility issues. But this would be 

very time consuming, hence the decision to continue the project with manual segmentation. 
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Appendix D: AnalysesAppendix D: AnalysesAppendix D: AnalysesAppendix D: Analyses    

In this chapter results of the statistical tests and p-values are shown relevant for the PMA corrections. 

Also, some images about the study population and/or white matter analysis are depicted here that 

seemed superfluous for the actual Results section but might depict the results clearer. 

In the study population, it is clear from the next boxplot that birth weight increases with gestational 

age, which is as expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test of Normality 
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When doing statistical analyses, it is useful to asses a normality test. This will indicate whether the data 

is normally distributed. If so, it is believed the data is representative for the specific study. 

Normal distributed data is depicted as mean [SD]. Not normally distributed data is depicted as median 

[IQR].  

Part of Table 3 from the White matter method section is shown below. As was stated previously, the 

PMA for the very preterm group was not normally distributed. But the PMA for the overall group was 

normally distributed. 

Characteristic Total group Very Preterm 

(<32 wks) 

Late Preterm 

(32≤wks<37) 

Term 

(≥ 37 wks) 

Amount of patients N 29 10 9 10 

GA (weeks) 34.2 [5.2] 28.1 [2.4] 35.2 [1.4] 39.5 [1.6] 

BW (g) 2334 [971] 1200 [326] 2506 [427] 3313 [379] 

PMA (weeks) 40.3 [1.9] 

p = 0.574 

40.4 [0.9]* 

p = 0.020 

39.3 [2.5] 

p = 0.559 

40.6 [1.9] 

p = 0.207 

*Not normally distributed data; depicted as median [IQR] 

Since we want to assess how the degree of prematurity (or gestational age) influences the results, we 

want to be able to compare the GA groups. For this it is necessary that all scans are made at the same 

post-menstrual age. For significant correlations of any value to PMA, a correction is applied to correct 

the value to a corresponding value at 40 weeks PMA. 

As explained in the Methods, the correlation strength for normal distributed data is tested with a 

Pearson test, and for not normal distributed data with a Spearman test. PMA relations for all calculated 

values are given in the next table. If p-value ≤ 0.05, there is a significant correlation. The R²-value 

indicates the strength of the correlation. R²-values reaching 1 reflect a strong correlation. First all tests 

and correlations are given split up by gestational age groups, but we also checked for PMA correlations 

for the entire study population for almost all values, except for RA and Cl as these were incorporated 

into the study at a later stage. These results can be seen after the GA-group results. 
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 
Spearman’s 

rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-value a b 

Lalic_FA VP 0.647 0.2618 0.01124 0.395 0.259    

LP 0.230 0.2581 0.01351 0.486 0.185    

Term 0.957 0.2538 0.01331 0.834 0.003* 0.696 0.02 0.006 

Ralic_FA VP 0.684 0.2609 0.01114 0.550 0.100    

LP 0.770 0.2508 0.01137 0.825 0.006* 0.680 0.1 0.004 

Term 0.649 0.2513 0.01515 0.795 0.006* 0.632 -0.005 0.006 

CC_FA VP 0.933 0.2781 0.01432 0.783 0.007* 0.613 -0.22 0.012 

LP 0.107 0.2807 0.01378 0.524 0.148    

Term 0.492 0.2805 0.02209 0.784 0.007* 0.615 -0.09 0.009 

FX_FA VP 0.662 0.2698 0.01096 0.367 0.297    

LP 0.601 0.2728 0.01576 0.428 0.251    

Term 0.655 0.2695 0.01064 0.697 0.025* 0.486 0.11 0.004 

Genu_FA VP 0.291 0.2741 0.01605 0.722 0.018* 0.522 -0.24 0.013 

LP 0.320 0.2647 0.01438 0.331 0.384    

Term 0.804 0.2666 0.02533 0.812 0.004* 0.659 -0.17 0.011 

Lplic_FA VP 0.793 0.3119 0.01805 0.616 0.058    

LP 0.057 0.3031 0.02213 0.372 0.324    

Term 0.465 0.2970 0.01654 0.844 0.002* 0.713 0.000 0.007 

Rplic_FA VP 0.878 0.3050 0.02040 0.499 0.142    

LP 0.202 0.3002 0.02135 0.653 0.057    

Term 0.454 0.2937 0.01647 0.877 0.001    

Spl_FA VP 0.605 0.2868 0.01487 0.600 0.067    

LP 0.557 0.3004 0.01890 0.487 0.183    

Term 0.804 0.3000 0.02188 0.762 0.010    
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 

Spearman’s rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-value a b 

Lalic_ADC VP 0.867 1.1848 0.04571 0.172 0.634    

LP 0.234 1.1442 0.05483 -0.327 0.390    

Term 0.813 1.1583 0.04794 -0.821 0.004* 0.673 2.00 -0.021 

Ralic_ADC VP 0.962 1.1475 0.04537 -0.289 0.417    

LP 0.860 1.1518 0.05843 -0.401 0.285    

Term 0.274 1.1376 0.05110 -0.901 0.000* 0.811 2.12 -0.024 

CC_ADC VP 0.192 1.4692 0.06334 -0.541 0.106    

  LP 0.068 1.3932 0.06005 0.198 0.609    

  Term 0.591 1.4103 0.08618 -0.710 0.022* 0.504 2.71 -0.032 

FX_ADC VP 0.910 1.5461 0.13865 0.388 0.268    

  LP 0.440 1.4464 0.06210 0.318 0.405    

  Term 0.555 1.4552 0.11527 0.086 0.814    

Genu_ADC VP 0.477 1.4330 0.07837 -0.381 0.277    

  LP 0.018 1.4230 0.04000 Spearman’s rho 
0.133 

0.732    

  Term 0.710 1.4213 0.10502 -0.756 0.011* 0.571 3.11 -0.042 

Lplic_ADC VP 0.283 1.1563 0.02363 -0.316 0.374    

LP 0.070 1.1472 0.05705 0.136 0.726    

Term 0.007 1.1245 0.10000 Spearman’s rho 
-0.553 

0.097    

Rplic_ADC VP 0.800 1.1742 0.04250 -0.651 0.042* 0.424 2.41 -0.030 

LP 0.562 1.1592 0.05245 -0.238 0.538    

Term 0.063 1.1555 0.04988 -0.677 0.031* 0.459 1.88 -0.018 

Spl_ADC VP 0.594 1.5187 0.08472 -0.577 0.081    

LP 0.578 1.4096 0.06824 0.259 0.501    

Term 0.073 1.4142 0.07581 -0.591 0.072    
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 
Spearman’s 

rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-
value 

a b 

Lalic_RD VP 0.923 1.0200 0.04667 0.108 0.766    

LP 0.181 0.9867 0.05350 -0.364 0.335    

Term 0.849 1.0010 0.04841 -0.840 0.002* 0.706 1.87 -0.021 

Ralic_RD VP 0.875 0.9880 0.04486 -0.343 0.331    

LP 0.429 0.9950 0.05397 -0.498 0.172    

Term 0.388 0.9835 0.05121 -0.912 0.000* 0.831 1.98 -0.024 

CC_RD VP 0.791 1.2540 0.06109 -0.626 0.053    

LP 0.210 1.1850 0.05706 0.071 0.855    

Term 0.860 1.1985 0.08901 -0.736 0.015* 0.542 2.59 -0.034 

FX_RD VP 0.888 1.3320 0.12116 0.375 0.285    

LP 0.449 1.2383 0.04610 0.256 0.506    

Term 0.497 1.2485 0.10133 0.046 0.900    

Genu_RD VP 0.785 1.2235 0.07326 -0.461 0.180    

LP 0.106 1.2072 0.06897 0.155 0.691    

Term 0.798 1.2180 0.10935 -0.770 0.009* 0.593 3.01 -0.044 

Lplic_RD VP 0.275 0.9610 0.02846 -0.478 0.163    

LP 0.437 0.9594 0.55930 0.029 0.941    

Term 0.008 0.9350 0.09000 Spearman’s 
rho -0.581 

0.078    

Rplic_RD VP 0.837 0.9815 0.04761 -0.662 0.037* 0.438 2.39 -0.035 

LP 0.375 0.9711 0.05589 -0.367 0.331    

Term 0.110 0.9715 0.04911 -0.754 0.012* 0.569 1.76 -0.019 

Spl_RD VP 0.558 1.2865 0.08246 -0.624 0.054    

LP 0.991 1.1794 0.06710 0.087 0.824    

Term 0.171 1.1840 0.08123 -0.657 0.039* 0.432 2.32 -0.028 
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 
Spearman’s 

rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-
value 

a b 

Lalic_AD VP 0.677 1.5170 0.04644 0.287 0.422    

LP 0.374 1.4611 0.05819 -0.276 0.472    

Term 0.891 1.4740 0.04904 -0.762 0.010* 0.581 2.27 -0.020 

Ralic_AD VP 0.795 1.4670 0.04596 -0.228 0.525    

LP 0.964 1.4589 0.06846 -0.244 0.527    

Term 0.262 1.4460 0.05232 -0.852 0.002* 0.726 2.40 -0.023 

CC_AD VP 0.006 1.8750 0.08000 Spearman’s 
rho -0.474 

0.167    

LP 0.046 1.8200 0.07000 Spearman’s 
rho 0.226 

0.559    

Term 0.234 1.8350 0.08357 -0.635 0.049* 0.403 2.97 -0.028 

FX_AD VP 0.752 1.9740 0.17834 0.392 0.262    

LP 0.827 1.8589 0.09636 0.325 0.393    

Term 0.593 1.8700 0.14353 0.136 0.707    

Genu_AD VP 0.083 1.8510 0.08900 -0.225 0.532    

LP 0.005 1.8300 0.07000 Spearman’s 
rho 0.192 

0.620    

Term 0.804 1.8270 0.09638 -0.708 0.022* 0.501 3.28 -0.036 

Lplic_AD VP 0.551 1.5460 0.03062 0.181 0.618    

LP 0.003 1.5400 0.06000 Spearman’s 
rho 0.084 

0.830    

Term 0.092 1.5170 0.05229 -0.419 0.228    

Rplic_AD VP 0.130 1.5600 0.04546 -0.505 0.137    

LP 0.105 1.5356 0.05457 0.037 0.925    

Term 0.257 1.5250 0.05339 -0.454 0.187    

Spl_AD VP 0.038 1.9500 0.09000 Spearman’s 
rho -0.656 

0.039* 0.191  3.87 -0.05 

LP 0.037 1.8900 0.07000 Spearman’s 
rho 0.412 

0.271    

Term 0.323 1.8760 0.07199 -0.355 0.315    
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 
Spearman’s 

rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-
value 

a b 

Lalic_RA VP 0.856 0.1481 0.00765 0.318 0.371    

LP 0.446 0.1453 0.00669 0.564 0.114    

Term 0.779 0.1440 0.00838 0.821 0.004* 0.675 -0.003 0.004 

Ralic_RA VP 0.392 0.1476 0.00724 0.561 0.092    

LP 0.256 0.1426 0.00671 0.906 0.001* 0.821 0.045 0.002 

Term 0.633 0.1438 0.00908 0.790 0.007* 0.624 -0.009 0.004 

CC_RA VP 0.972 0.1557 0.00898 0.756 0.011* 0.572 -0.147 0.007 

LP 0.217 0.1580 0.00857 0.540 0.133    

Term 0.363 0.1590 0.13710 0.766 0.010* 0.587 -0.065 0.006 

FX_RA VP 0.223 0.1479 0.00555 0.107 0.768    

LP 0.849 0.1510 0.00826 0.411 0.272    

Term 0.035 0.1480 0.01000 Spearman’s 
rho 0.718 

0.019    

Genu_RA VP 0.161 0.1552 0.00981 0.742 0.014* 0.551 -0.170 0.008 

LP 0.186 0.1496 0.00896 0.356 0.347    

Term 0.550 0.1517 0.01611 0.810 0.005* 0.656 -0.126 0.007 

Lplic_RA VP 0.890 0.1772 0.01123 0.605 0.064    

LP 0.087 0.1722 0.01222 0.347 0.360    

Term 0.453 0.1705 0.01018 0.859 0.001* 0.738 -0.016 0.005 

Rplic_RA VP 0.721 0.1740 0.01363 0.543 0.105    

LP 0.275 0.1709 0.01251 0.656 0.055    

Term 0.438 0.1685 0.01072 0.847 0.002* 0.718 -0.025 0.005 

Spl_RA VP 0.522 0.1612 0.01017 0.710 0.021* 0.504 -0.161 0.008 

LP 0.597 0.1709 0.01280 0.447 0.227    

Term 0.786 0.1707 0.01509 0.760 0.011* 0.577 -0.074 0.006 
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 
Spearman’s 

rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value PMA 
correction 

R²-
value 

a b 

Lalic_Cl VP 0.871 0.1119 0.00662 -0.102 0.780    

LP 0.497 0.1127 0.00492 0.357 0.346    

Term 0.581 0.1092 0.00377 0.710 0.021* 0.505 0.052 0.001 

Ralic_Cl VP 0.687 0.1113 0.00542 0.226 0.530    

LP 0.738 0.1081 0.00590 0.796 0.010* 0.634 0.033 0.002 

Term 0.753 0.1081 0.00561 0.604 0.065    

CC_Cl VP 0.959 0.1166 0.00645 0.800 0.005* 0.640 -0.114 0.006 

LP 0.581 0.1214 0.00718 0.534 0.139    

Term 0.746 0.1224 0.00945 0.713 0.021* 0.508 -0.021 0.004 

FX_Cl VP 0.404 0.1084 0.00700 0.053 0.885    

LP 0.370 0.1149 0.00686 0.290 0.449    

Term 0.486 0.1139 0.00423 0.282 0.430    

Genu_Cl VP 0.009 0.1135 0.01000 Spearman’s 
rho 0.433 

0.211    

LP 0.636 0.1146 0.00639 0.546 0.128    

Term 0.668 0.1160 0.01012 0.784 0.007* 0.615 -0.53 0.004 

Lplic_Cl VP 0.829 0.1375 0.01084 0.499 0.142    

LP 0.227 0.1339 0.01111 0.219 0.571    

Term 0.563 0.1317 0.00845 0.726 0.017* 0.527 0.001 0.003 

Rplic_Cl VP 0.971 0.1322 0.01273 0.352 0.319    

LP 0.380 0.1322 0.01088 0.638 0.065    

Term 0.681 0.1290 0.00683 0.833 0.003* 0.694 0.008 0.003 

Spl_Cl VP 0.518 0.1242 0.00967 0.681 0.030* 0.463 -0.170 0.007 

LP 0.582 0.1356 0.01240 0.417 0.264    

Term 0.682 0.1357 0.01451 0.745 0.013* 0.554 -0.094 0.006 
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Tests of Normality      

GA_group 

Shapiro-Wilk 
PMA Pearson 

Correlation 
coefficient R / 

Spearman’s rho 

    

Sig. 
Mean / 
Median SD / IQR 

p-value 
PMA 

correction 

R²-
value 

a b 

Lalic_Vol VP 0,004 3239 542 Spearman’s rho 
0.726 

0.017* 0.604 884 -32561 

LP 0,592 2765 712 0.670 0.048* 0.449 195 -4892 

Term 0,425 3268 813 0.617 0.057    

Ralic_Vol VP 0,332 4230 1359 0.812 0.004* 0.659 1209 -45024 

LP 0,873 3597 1123 0.596 0.090    

Term 0,115 3765 1056 0.762 0.010* 0.581 422 -13371 

CC_Vol VP 0,618 18436 5565 0.280 0.434    

LP 0,101 24253 5583 0.720 0.029* 0.518 1640 -40270 

Term 0,429 22469 4789 0.697 0.025* 0.486 1750 -48622 

FX_Vol VP 0,099 4647 1318 -0.040 0.913    

LP 0,141 6049 1056 0.208 0.591    

Term 0,520 5137 1556 0.325 0.359    

Genu_Vol VP 0,664 7094 1214 0.490 0.150    

LP 0,991 7249 1435 0.707 0.033* 0.500 414 -9029 

Term 0,570 7130 1220 0.662 0.037* 0.438 423 -10066 

Lplic_Vol VP 0,787 7209 1465 0.602 0.065    

LP 0,835 6728 1422 0.728 0.026* 0.529 422 -9876 

Term 0,616 6724 1715 0.703 0.023* 0.494 632 -18932 

Rplic_Vol VP 0,922 7162 2822 0.775 0.008* 0.601 2396 -90441 

LP 0,354 6700 1518 0.761 0.017* 0.579 471 -11840 

Term 0,170 6370 1414 0.826 0.003* 0.682 612 -18494 

Spl_Cl VP 0,449 5317 1547 0.418 0.229    

LP 0,552 6124 1732 0.638 0.064    

Term 0,237 5790 1025 0.378 0.282    
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Test of Normality for entire study population. Not split up by gestational age. 

 

FA WM structure p-value 

Shapiro-Wilk 

Mean [SD] for normal data; 

Median [IQR] if not normal 

 CC 0.330 0.2797 [0.01669] 

 Genu 0.383 0.2686 [0.01911] 

 Splenium 0.891 0.2956 [0.01921] 

 Fornix 0.452 0.2706 [0.01217] 

 PLIC-R 0.474 0.2996 [0.01934] 

 PLIC-L 0.356 0.3040 [0.01930] 

 ALIC-R 0.810 0.2544 [0.01317] 

 ALIC-L 0.276 0.2579 [0.01270] 

 

ADC WM structure p-value 

Shapiro-Wilk 

Mean [SD] for normal data; 

Median [IQR] if not normal 

 CC 0.657 1.4253 [0.07620] 

 Genu 0.764 1.4211 [0.08489] 

 Splenium 0.390 1.4488 [0.09029] 

 Fornix 0.899 1.4838 [0.11696] 

 PLIC-R 0.600 1.1631 [0.04729] 

 PLIC-L 0.348 1.1499 [0.04483] 

 ALIC-R 0.313 1.1454 [0.05013] 

 ALIC-L 0.802 1.1631 [0.05060] 

 

RD WM structure p-value 

Shapiro-Wilk 

Mean [SD] for normal data; 

Median [IQR] if not normal 

 CC 0.898 1.2134 [0.07486] 

 Genu 0.878 1.2166 [0.08351] 

 Splenium 0.450 1.2179 [0.09033] 

 Fornix 0.583 1.2741 [0.10231] 

 PLIC-R 0.354 0.9748 [0.04920] 

 PLIC-L 0.220 0.9603 [0.04490] 

 ALIC-R 0.138 0.9886 [0.04842] 

 ALIC-L 0.562 1.0031 [0.04961] 

 

AD WM structure p-value 

Shapiro-Wilk 

Mean [SD] for normal data; 

Median [IQR] if not normal 

 CC 0.303 1.8503 [0.08209] 

 Genu 0.286 1.8286 [0.09086] 

 Splenium 0.056 1.9114 [0.09661] 

 Fornix 0.951 1.9024 [0.14937] 

 PLIC-R 0.594 1.5403 [0.05158] 

 PLIC-L 0.049* 1.5400 [0.06] 

 ALIC-R 0.669 1.4572 [0.05457] 

 ALIC-L 0.913 1.4848 [0.05501] 
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Volume WM structure p-value 

Shapiro-Wilk 

Mean [SD] for normal data; 

Median [IQR] if not normal 

 CC 0.081 21631.93 [5686.869] 

 Genu 0.848 7154.27 [1242.947] 

 Splenium 0.349 5730.66 [1440.798] 

 Fornix 0.112 5251.08 [1412.252] 

 PLIC-R 0.216 6745.52 [1993.602] 

 PLIC-L 0.506 6892.22 [1505.778] 

 ALIC-R 0.188 3873.26 [1177.736] 

 ALIC-L 0.018* 3100.68 [873] 

 

Correlation strengths of DTI parameters to PMA for the entire study population are calculated in a 

similar way as for the gestational age groups separately. Results for entire study population are found 

below 

 

FA WM 

structure 

Correlation 

coefficient 

p-value PMA correlation R²-value 

 CC 0.589 0.001* 0.347 

 Genu 0.589 0.001* 0.346 

 Splenium 0.467 0.011* 0.218 

 Fornix 0.416 0.025* 0.173 

 PLIC-R 0.593 0.001* 0.351 

 PLIC-L 0.504 0.005* 0.254 

 ALIC-R 0.707 0.000* 0.500 

 ALIC-L 0.535 0.003* 0.286 

 

ADC WM 

structure 

Correlation 

coefficient 

p-value PMA correlation R² 

 CC -0.168 0.383  

 Genu -0.241 0.208  

 Splenium -0.060 0.756  

 Fornix 0.244 0.203  

 PLIC-R -0.398 0.032* 0.159 

 PLIC-L -0.178 0.357  

 ALIC-R -0.540  0.003* 0.291 

 ALIC-L -0.270 0.157  

 

RD WM 

structure 

Correlation 

coefficient 

p-value PMA correlation R² 

 CC -0.249 0.193  

 Genu -0.317 0.093  

 Splenium -0.147 0.448  

 Fornix 0.216 0.260  

 PLIC-R -0.480 0.008* 0.231 

 PLIC-L -0.285 0.134  

 ALIC-R -0.599 0.001* 0.358 

 ALIC-L -0.317 0.094  
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AD WM 

structure 

Correlation 

coefficient 

p-value PMA correlation R² 

 CC -0.012 0.953  

 Genu -0.081 0.678  

 Splenium 0.104 0.591  

 Fornix 0.268 0.160  

 PLIC-R -0.178 0.354  

 PLIC-L Spearman’s rho 

-0.164 

0.396  

 ALIC-R -0.412 0.026* 0.170 

 ALIC-L -0.185 0.338  

 

Volume WM 

structure 

Correlation 

coefficient 

p-value PMA correlation R² 

 CC 0.383 0.040* 0.147 

 Genu 0.572 0.001* 0.327 

 Splenium 0.377 0.044* 0.142 

 Fornix 0.036 0.852  

 PLIC-R 0.587 0.001* 0.345 

 PLIC-L 0.636 0.000* 0.404 

 ALIC-R 0.638 0.000* 0.407 

 ALIC-L Spearman’s rho 

0.717 

0.000* 0.400 
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One-Way ANOVA and Tukey post hoc 

This test is used to asses whether DTI parameters showed significant differences between GA groups. 

The output of the ANOVA analysis and whether there is a statistically significant difference between 

our group means is defined by the p-value. For p < 0.05 there is a statistically significant difference 

between the groups. 

To know which of the specific groups differed, a Tukey post hoc test is conducted. This test compares 

the three groups to each other. Significant differences are found for a p < 0.05. 

 

ADC     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.041* VP – LP 0.032* Decrease 

  LP – Term 0.410  

  VP-Term 0.339  

Genu 0.510 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.006* VP – LP 0.013* Decrease 

  LP – Term 0.991  

  VP-Term 0.014* Decrease 

Fornix 0.111 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.122 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.863 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.963 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.143 VP – LP   

  LP – Term   

  VP-Term   
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RD     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.058 VP – LP   

  LP – Term   

  VP-Term   

Genu 0.514 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.006* VP – LP 0.008* Decrease 

  LP – Term 0.784  

  VP-Term 0.032* Decrease 

Fornix 0.081 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.174 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.997 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.853 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.227 VP – LP   

  LP – Term   

  VP-Term   
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AD     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.034* VP – LP 0.026* Decrease 

  LP – Term 0.428  

  VP-Term 0.284  

Genu 0.420 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.000* VP – LP 0.001* Decrease 

  LP – Term 0.990  

  VP-Term 0.001* Decrease 

Fornix 0.173 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.310 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.406 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.926 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.045* VP – LP 0.036* Decrease 

  LP – Term 0.478  

  VP-Term 0.310  
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FA     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.154 VP – LP   

  LP – Term   

  VP-Term   

Genu 0.789 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.207 VP – LP   

  LP – Term   

  VP-Term   

Fornix 0.593 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.439 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.058 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.014* VP – LP 0.196  

  LP – Term 0.407  

  VP-Term 0.011* Decrease 

Left ALIC 0.074 VP – LP   

  LP – Term   

  VP-Term   
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RA     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.129 VP – LP   

  LP – Term   

  VP-Term   

Genu 0.833 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.181 VP – LP   

  LP – Term   

  VP-Term   

Fornix 0.518 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.458 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.108 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.063 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.106 VP – LP   

  LP – Term   

  VP-Term   
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Cl     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.004* VP – LP 0.006* Increase 

  LP – Term 0.841  

  VP-Term 0.019* Increase 

Genu 0.691 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.002* VP – LP 0.003* Increase 

  LP – Term 0.726  

  VP-Term 0.016* Increase 

Fornix 0.059 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.442 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.205 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.359 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.161 VP – LP   

  LP – Term   

  VP-Term   
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Volume     

WM structure One-Way ANOVA 

p-value 

GA groups 

compared 

Tukey post hoc 

p-value 

Relation to 

increasing GA 

Corpus Callosum 0.008* VP – LP 0.006* Increasing 

  LP – Term 0.148  

  VP-Term 0.307  

Genu 0.415 VP – LP   

  LP – Term   

  VP-Term   

Splenium 0.486 VP – LP   

  LP – Term   

  VP-Term   

Fornix 0.088 VP – LP   

  LP – Term   

  VP-Term   

Right PLIC 0.687 VP – LP   

  LP – Term   

  VP-Term   

Left PLIC 0.729 VP – LP   

  LP – Term   

  VP-Term   

Right ALIC 0.710 VP – LP   

  LP – Term   

  VP-Term   

Left ALIC 0.291 VP – LP   

  LP – Term   

  VP-Term   
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White matter injury analyses 

Correlate bivariate - Spearman; because white matter injury is ordinal. For ADC, FA and volume the 

correlations between structures and white matter injury is given. For both the scaled white matter 

injury group (normal, mild, moderate, severe) and for the woodward WM score (only for preterm 

infants). 

ADC     

WM structure Spearman’n rho 

correlation 

coefficient to 

WMI 

Significance Spearman’n rho 

correlation 

coefficient to 

WW WM score 

Significance 

CC 0.479* 0.008 0.406 0.095 

Genu 0.197 0.307 0.035 0.889 

Splenium 0.372* 0.047 0.489* 0.039 

FX 07342 0.070 0.449 0.062 

PLIC-R 0.222 0.247 0.141 0.577 

PLIC-L 0.154 0.426 0.141 0.577 

ALIC-R -0.010 0.958 -0.023 0.928 

ALIC-L 0.064 0.742 0.151 0.549 

     

 

FA     

WM structure Spearman’n rho 

correlation 

coefficient to 

WMI 

Significance Spearman’n rho 

correlation 

coefficient to 

WW WM score 

Significance 

CC -0.292 0.125 0.044 0.861 

Genu -0.195 0.312 -0.024 0.925 

Splenium -0.253 0.185 -0.061 0.811 

FX -0.213 0.267 -0.136 0.590 

PLIC-R -0.070 0.719 0.174 0.489 

PLIC-L 0.044 0.819 0.172 0.494 

ALIC-R -0.139 0.472 0.023 0.928 

ALIC-L -0.008 0.967 0.094 0.712 

 

Volume     

WM structure Spearman’n rho 

correlation 

coefficient to 

WMI 

Significance Spearman’n rho 

correlation 

coefficient to 

WW WM score 

Significance 

CC -0.325 0.085 -0.511* 0.030 

Genu -0.300 0.113 -0.361 0.141 

Splenium -0.137 0.478 -0.186 0.461 

FX -0.493* 0.007 -0.440 0.067 

PLIC-R -0.123 0.526 0.133 0.600 

PLIC-L -0.189 0.327 0.072 0.777 

ALIC-R -0.218 0.256 -0.280 0.261 

ALIC-L -0.309 0.103 -0.334 0.176 

 


