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Abstract  

My master’s thesis with the title “Analysis of brain structure in premature-born adults” is based on 

the discoveries of various developmental differences that have been found in premature-born 

individuals, both shortly after birth and in adults. However, it was not known to what extent these 

developmental differences are correlated and whether there might even be a causal relationship 

between structural differences and cognitive performance. To investigate these questions, MRI 

derived information on brain structure is combined in order to compute dependencies between 

different affected developmental processes. The analyses include statistical testing, correlation 

analysis as well as causal inference on a dataset consisting of 101 very preterm-born/ very low birth 

weight adults and 111 term-born control subjects. We found significant differences in very preterm- 

compared to term-born adults in multiple developmental processes, and these processes can be 

grouped by similarity into four main clusters. Furthermore, we found causal relationships between 

several developmental processes and cognitive performance. These findings pave the way for further 

research with the goal to improve risk prediction and the development of drug targets for preterm-

born neonates.  
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1 Introduction 
Preterm birth describes birth before 37 weeks of gestation or with a birth weight below 2500g. The 

worldwide prevalence is approximately 11% of all births (Volpe 2019). In my thesis, I am focusing on 

very-preterm birth, which describes birth before 32 weeks of gestation or birth weight below 1500g, 

which occurs in about 1.4% of all births in the US. Multiple reasons can cause preterm birth, some 

happen spontaneously, others are induced because of medical reasons, for example, infections or 

chronic diseases of the mother. (Back et al. 2002; WHO 2021) 

The problem with preterm birth, in general, is that with decreasing gestational age, survival rate 

decreases and incidences of neurological disabilities increase. These neurological disabilities include 

motor, cognitive, attentional, behavioural and socialisation disturbances (Volpe 2019). The disabilities 

are caused by short-term complications, on the one hand, for example, impairment of breathing, low 

blood pressure, temperature control, intraventricular haemorrhages, anaemia, and infections. On the 

other hand, long-term impairments associated with preterm birth include cerebral palsy, learning 

disabilities, retinopathy of prematurity, and chronic health issues (Mayo Clinic 2021a). 

In my thesis, I am investigating the influence very preterm birth has on long-term brain development. 

The goal of my thesis is, firstly, to identify macroscopic developmental processes that are developing 

similarly and, secondly, to investigate which of these developmental processes are causes for cognitive 

impairment. Therefore, I will first look for correlations between impaired developmental processes in 

preterm birth and afterwards for causal relationships between structural measures and cognitive 

performance. 

The overall goal of research on prematurely born adults is to analyse precisely which local structures 

are affected the most during development after preterm birth in order to make detailed observations 

of the impact of preterm birth on brain development. Ideally, the cellular components responsible for 

these structural changes can be identified more thoroughly in the future. Thus, it could pave the way 

for identifying targets for treating prematurely born children to avoid or counteract these structural 

changes during brain development. This, in turn, could lead to an improvement of the survival rate and 

at the same time to a reduction of the severeness of cognitive impairments as well as neurological 

diseases during the life course. 

During brain development, all cell types and brain regions develop in their specific order and 

timeframe. However, premature birth leads to brain injuries that impair this healthy development. In 

the following paragraphs, I will explain healthy brain development and the impairments that occur in 

premature birth. I will mainly focus on the development between 20 and 40 weeks of gestation since 

this is the timeframe in which preterm birth can be located. During this time, especially cerebral white 

matter axons, subplate neurons, cerebral cortex, thalamus, and the basal ganglia will be of importance. 

However, not only neurons but also glial cells are affected, especially pre-oligodendrocytes (pre-OLs), 

microglia and astrocytes (Volpe 2019).  

1.1 Healthy development from week 20 to 40 

Gestational weeks (GW) 20 to 40 belong to the fetal period of development, which includes 

gyrification, neural development, and organisation and formation of synaptic connections (Stiles and 

Jernigan 2010). I will describe these processes in detail in the following section. 

Neurogenesis. The proliferation of neurons begins in the embryonic period (GW 3-8) and is completed 

during the second half of gestation (Stiles and Jernigan 2010). Neurons proliferate in the ventricular 

zone and migrate to their respective destinations to form grey matter. One of these destinations is the 

neocortex, in which layering is a crucial part of development. This cortical layering is guided by radial 

glial cells to form the six layers. In contrast to this process called radial migration, a different type of 
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cell movement – tangential migration – also takes place. This type is mainly used by inhibitory 

interneurons and the large proportion of GABAergic cortical neurons that are differentiated late in 

development and start migrating tangentially through the white matter to the cortex between GW 24 

and 40. The migration is completed six months after birth, after which the region of origin of the 

inhibitory interneurons will develop into the basal ganglia (Stiles and Jernigan 2010). The late migration 

makes them vulnerable to insults (Volpe 2019; Bystron et al. 2008; Letinic et al. 2002; Xu et al. 2011).  

Cortical layering follows an inside-out principle, which means that the youngest neurons migrate to 

the most superficial layers. The only exceptions are the first neurons to proliferate. They form a 

preplate which is split into the marginal zone and the subplate. Afterwards, the first arriving neurons 

form the cortical plate, which is where layer six will be located in the further course of development. 

The marginal zone and the subplate are temporary structures that guide development but disappear 

in the late part of gestation. During fetal development, the marginal zone produces cells important for 

neuron-positioning, while the subplate neurons are responsible for establishing connections between 

the cortex and thalamus (see below).  (Stiles and Jernigan 2010; Volpe 2019) 

Subplate neurons. The subplate region starts to grow at around GW 20, and over the following weeks, 

neurons both from the cortex and thalamus make connections to subplate neurons. They then depart 

from the subplate layer to form the connections with their dedicated cells in cortical and subcortical 

areas, especially the basal forebrain. This mechanism is needed in order to collect axons that can not 

connect to their final targets because the respective cells have not differentiated yet. Also, the axons 

of subplate neurons promote differentiation, and once the correct cells are differentiated, they guide 

the input axons from the thalamus and cortex to their final position. After this task is completed, the 

subplate neurons die via apoptosis, and the subplate region starts to disperse in GW 36-40. Since the 

subplate region is especially active between GW 20 and GW 40, it is highly vulnerable to injuries that 

occur during this timeframe in preterm birth (Volpe 2019; Kostović and Jovanov-Milosević 2006; 
Kostović and Judas 2002; Bystron et al. 2008; Stiles and Jernigan 2010).  

Gyrification. The cortical folding begins with the formation of gyri and sulci, particularly with the 

formation of the longitudinal fissure that acts as a separation of the two hemispheres. The 

development of the longitudinal fissure is complete at GW 22. Afterwards, primary, secondary and 

tertiary sulci form following a specific order until the formation is finished postnatally (Stiles and 

Jernigan 2010). The mechanisms of the folding process that generates highly similar folding patterns 

in all human brains are not fully understood, but hypotheses range from tangential expansion of the 

cortex to cortical factors, for example, axonal tension (Ronan et al. 2014).  

Connectivity. After the neurons reach their position, they start to differentiate and form dendrites and 

axons (GW 20-24). Dendrites and axons are the structures that will allow for communication between 

cells via synapses, which are formed in GW 24-32. These connections form pathways in the white 

matter called fibre tracts.  Axons can be isolated by myelin sheaths produced by oligodendrocytes 

(Stiles and Jernigan 2010; Volpe 2019). In the following paragraphs, I will go into more detail on axonal, 

dendritic, and synaptic development. 

Axonal development. Axons develop until at least GW 37; from the thalamus, they reach the 

subplate at GW 20 and first connect to the cortex at GW 27. At this time, also commissural and 

corticocortical axons start to grow. The thalamus and the cortex are fully connected by GW 37. 

After GW 37, axons grow mainly inside the cortex and continue to do so during the first year 

after birth. Due to the timing of the axonal growth, axons are vulnerable to insults that occur 

in premature birth. (Volpe 2019; Haynes et al. 2005) 
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Dendritic development and further synaptogenesis. After the layering of the cortex is 

completed, the cortical surface has increased due to gyrification. At this point in time also 

GABAergic neurons have arrived in the upper cortical layers, dendrites, as well as axons, have 

grown, and synapses started to form. Because dendritic development is dependent on cortical 

activity, the connection between the subplate region and thalamus as well as commissural and 

corticocortical fibres is crucial for dendritic development. (Volpe 2019; Chen and Ghosh 2005; 

Sarnat et al. 2010) 

Gliogenesis. Glial cells are the primary cell type in the brain besides neurons. They were believed to 

have mainly supportive roles, for example, maintaining the structure or regulating immune responses. 

Still, over the last years, more evidence has been found for glial cells to be actively involved in neuronal 

signalling (Cho et al. 2016). The main glial components involved in preterm birth are (pre-) 

oligodendrocytes, astrocytes, and microglia, whose functions during brain development I will explain 

in the following paragraphs. 

Pre-oligodendrocytes. These cells are derived from oligodendrocyte progenitor cells, which 

proliferate at GW 20-24 and account for 90% of the lineage at the time of birth in premature-

born children. At GW 24-32, many pre-oligodendrocytes can be found in the white matter, 

where they begin to ensheath axons at around GW 30 and are crucial for proper axonal and, 

therefore also cortical development. At term, 50% of the lineage is still made up of pre-OLs, 

while the other half consists of already further differentiated immature OLs. Fully 

differentiated oligodendrocytes will only occur later after birth in the brain and act as tissue-

supporting cells (Volpe 2019; Back et al. 2001; Back et al. 2002; Reemst et al. 2016). Pre-OLs 

are highly vulnerable to hypoxia, ischemia and inflammation and therefore die when exposed 

to these insults. (Volpe 2019; Volpe et al. 2011) 

Microglia. Microglia are part of the brain's immune system. Apart from that, they are involved 

in OL differentiation, axonal development, myelination, and synaptogenesis. Additionally, 

microglia can be participating in neuronal signalling via neurotransmitter receptors and the 

secretion of neuroactive molecules. These functions are regulated via proteins expressed in 

the microglia, which can also be responsible for the inflammatory activation of microglia. 

When activated in an immune response, microglia have the power to destroy cells via the 

generation of free radicals or cytokines. Microglia start populating the brain at GW 16-22 and 

migrate to white matter and cortex in GW 20-35. During this timeframe, an insult can activate 

the microglia and lead to cell destruction during critical developmental stages as well as 

problems with healthy development since these cells can no longer perform their intended 

tasks. (Volpe 2019; Schafer et al. 2012; Squarzoni et al. 2014; Reemst et al. 2016; Hickman et 

al. 2018; Hammond et al. 2018; Hammond et al. 2019; Billiards et al. 2006) 

Astrocytes. Astrocytes are also crucial for development and are generated from GW 20-40. 

Their tasks in development include tissue support, axonal guidance, synaptogenesis, uptake of 

neurotransmitters in the synaptic cleft, and axonal survival. On the other hand, they can also 

sense synaptic activity and react to it in a tri-partite synapse. When in a reactive state, for 

example, after an injury, they undergo metabolic changes and can, among others, harm pre-

OLs. (Volpe 2019; Reemst et al. 2016) 

To summarise, brain development during the second half of gestation is a complex process with many 

interactions and dependencies that are highly vulnerable to injuries. 
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1.2 Impairments in preterm birth 

Preterm birth means that especially the brain is not fully developed at the time of birth. The process 

of brain development involves complex and fine-tuned sequences of cellular events, which makes it 

highly vulnerable.  

It is known that preterm birth leads to hypoxic-ischemic injuries in the brain, especially leading to 

cerebral white matter injury (WMI). This so-called "encephalopathy of prematurity" (Volpe 2009) 

includes dysmaturation of white matter as well as disturbances in neurons and axons. Furthermore, it 

involves activated microglia and astrocytes. This overall process leads to aberrant development and 

dysmaturation of pre-oligodendrocytes. Another pathway of injury could be directly via impact on 

cortical and subplate neurons and also via nutritional factors on cortical development. These processes 

combined lead to aberrant myelination and connectivity as well as neuron maturation. Consequently, 

cognitive and also motor performances can be impacted (Volpe 2019). WMI diagnosis is difficult since 

the identification of small lesions in MRI is complicated. However, children with no or minimal 

observed abnormality in the white matter also develop neurological disabilities. (Volpe 2019; 

Woodward et al. 2006; Anderson et al. 2017) 

Overall findings in preterm birth include smaller regional volumes of cortex, WM, thalamus, and basal 

ganglia, as well as decreased fractional anisotropy (FA), decreased cortical surface area, less 

gyrification and impaired connectivity, especially thalamocortical connectivity (Volpe 2019). All of 

these observations have mainly been made at term-equivalent age, however, many changes persist 

into adulthood or even increase during further brain development (Volpe 2019; Zhang et al. 2015; 

Batalle et al. 2017; BANKER and LARROCHE 1962; Hedderich et al. 2020c). Therefore, in chapter 2, I 

will focus on findings in adults, while in this chapter, I will mainly explain the cellular processes that 

lead to impaired brain development. 

The main driving force of encephalopathy of prematurity is cerebral white matter injury (WMI). WMI 

can be represented as periventricular leukomalacia (PVL) or diffuse white matter gliosis (DWMG). PVL 

causes focal necroses as well as diffuse lesions in white matter and includes the death of early 

differentiating pre-oligodendrocytes and astro- as well as microgliosis. The reason for these lesions is 

decreased cerebral blood flow (BANKER and LARROCHE 1962; Pierson et al. 2007; Okoshi et al. 2001; 

Shuman and Selednik 1980). The death of pre-oligodendrocytes has proliferation and failure of 

maturation of pre-oligodendrocytes as a consequence. This dysmaturation, in turn, causes 

hypomyelination of axons (Buser et al. 2012; Billiards et al. 2008; Haynes et al. 2003; Back 2017). 

DWMG without focal necroses show the same pattern of pre-oligodendrocyte dysmaturation and is 

the most common type of WMI in preterm born subjects. While the reason for the proliferation of 

more pre-oligodendrocytes is not yet understood, the problems with maturation are probably related 

to activation of astrocytes and microglia during development (see below) (Liddelow et al. 2017; 

Liddelow and Barres 2017; Back 2017; Volpe 2019). 

To summarise these observations, in general, WMI follows a specific pattern of actions: First, an insult 

is responsible for cell death or injury, and consequently, pre-oligodendrocytes are proliferated but fail 

to mature. The severity of the injury is decisive for the seriousness of consequences, with mild injury 

targeting mainly pre-oligodendrocytes and more severe injury also acting on multiple other cell types 

and developmental processes. The exact primary causes are not identified, however, there are 

potential sequences that cause this dysmaturation, which I will now go into detail on. (Volpe 2019) 

While activated astrocytes and microglia fail to perform their physiological tasks in axon development, 

they also actively harm pre-oligodendrocytes via the secretion of free radicals or cytokines. When pre-

oligodendrocytes are damaged, cell death or process loss are consequences (Haynes et al. 2003; 

Billiards et al. 2008; Back 2017). As described above, after the cell death, pre-oligodendrocytes are 
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replenished, but the cells fail to mature and therefore are not able to produce myelin. Another possible 

way the pre-oligodendrocyte injury inflicts secondary problems is that while the pre-oligodendrocytes 

dysmature, they fail to ensheath the axons. Therefore, axon development is likely to be impaired. This 

ensheathment of axons by pre-OLs is also responsible for axonal growth in white matter and 

development of the cerebral cortex, both likely to be impacted by the injury to pre-oligodendrocytes. 

Consequently, volumes of cortex, thalamus and basal ganglia are likely to be smaller since the 

connecting projection fibres are injured. (Volpe 2019) 

Another primary target of WMI is the thalamus, where neuron loss, gliosis, and axon degeneration are 

observed, and these injuries again contribute to further pre-oligodendrocyte dysmaturation (Pierson 

et al. 2007). On the other hand, impact on subplate neurons and consequent cell death can also be a 

cause for cortex and thalamus injury and subsequent pre-oligodendrocyte problems since subplate 

neurons are a population highly vulnerable to hypoxia-ischemia (Kostović and Judas 2002; McQuillen 
et al. 2003; Robinson et al. 2006; Kinney et al. 2012). Also, a deficit of late migrating GABAergic neurons 

was observed, which implies that this population could be injured during migration to the cortex. This 

would result in a loss of cortical neurons and, therefore, smaller volume, gyrification and connectivity 

in the cortex (Kinney et al. 2012; Robinson et al. 2006). 

Apart from experiencing secondary injury, also primary injury to the grey matter is possible. Delayed 

microstructural development was observed via fractional anisotropy changes in grey matter, and 

therefore these changes are associated with impaired dendritic development (Volpe 2019). 

Additionally, this was reflected by impaired radial diffusion. The impact is hypothesised to be mainly 

via dysmaturation in the cortex, subplate neurons and caudate neurons, as observed in a sheep model. 

The impairments were found primarily in synapse formation and dendritic arborisation (Dean et al. 

2013; McClendon et al. 2014).  

Concluding, in preterm birth, pre-oligodendrocyte death leads to dysmaturation in grey and white 

matter, and a list of other injuries can be associated with pre-oligodendrocyte injuries, either as causes 

or consequences. Therefore, pre-oligodendrocytes could be a primary target when researching 

preterm birth and possible cellular implications, as well as for developing drugs or interventions that 

target the problems of preterm birth.  

In the next paragraph, I will shortly summarise the treatment of preterm born children and possible 

interventions to protect or restore the affected developmental processes.  

 

1.3 Treatment and restorative interventions in preterm birth 

During development, every day is important. This is why it is attempted to delay labour and birth for 

as long as possible in early labour or high-risk patients (Pediatric nurse 9/13/2021). 

Once born, preterm born children undergo many treatments and tests, such as breathing or heart rate 

monitoring, blood tests, as well as ultrasound scans. Furthermore, there is specialised supportive care 

for preterm born children, for instance, incubators and feeding tubes or IV fluid supply. Medications 

include surfactants for respiration, antibiotics in case of infections and other drugs based on the 

symptoms the children show. Children can leave the hospital once they can breathe and regulate body 

temperature on their own, are able to feed and have no infections. However, preterm born children 

can require continuous care and further treatment. (Mayo Clinic 2021b) This further treatment often 

involves physiotherapy, speech therapy and regular EEG measurements during at least the first 1-2 

years, depending on gestational age and condition of the neonate (Pediatric nurse 9/13/2021). This is 
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why the intensity of neonatal treatment (INTI) is also relevant when investigating the child's 

development. 

A promising intervention is a treatment with erythropoietin (EPO), which has been shown to limit the 

extent of WMI and neurodevelopmental impairment during childhood, therefore being a 

neuroprotective measure (Volpe 2019; Rangarajan and Juul 2014). A method for restoring cellular 

function is treatment with epidermal growth factor (EGF), leading to less cell death and promoting 

functional recovery (Scafidi et al. 2014). Also, other interventions for changing the phenotype of 

astrocytes and microglia (Michell-Robinson et al. 2015; Miron et al. 2013; Liddelow and Barres 2017) 

or treatment with stem cells (Titomanlio et al. 2011) showed favourable effects on pre-

oligodendrocyte survival and function.  

Another focus in optimal neonatal treatment is on social and environmental factors, such as nutrition 

and auditory as well as visual experiences to reduce pain and stress (Volpe 2019). 

However, these interventions are being researched at the moment, and the effects, as well as side 

effects, of treatment in neonates have not been studied in detail yet. This means that further research 

into the causes and consequences of preterm birth is necessary to develop treatments that target the 

most ideal cells and developmental processes (Volpe 2019). 
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2 Related Work 
In the area of structural impairments after preterm birth, much research has been done by multiple 

groups. In this chapter, I will summarise the results of previous research and show a graph of known 

connections between preterm birth, its cellular impacts, and structural changes in the brain. 

Many researchers are investigating the effects of preterm birth at various levels: Genes, proteins, as 

well as structure, cognition and many other measures are studied at different stages of development. 

Since my thesis is about structure and cognitive abilities, I will summarise the main findings in both 

fields, mainly in adult subjects and at the time of birth.  

 

 

Figure 1 - Graph of relationships in preterm birth, created with yEd (yWorks GmbH 2019) 

In Figure 1, an overview of existing research results is shown. On the top, different characteristics of 

preterm birth are listed in red, for example, the INTI score, gestational age, and birth weight, but also 

general implications of preterm birth, for instance, white matter injury. Light red marks meta-

information, in particular the socio-economic status of the parents and the gender of the child. The 

microscopic cellular components involved in preterm birth are shown in green, while the macroscopic 

observations, for example, volumes of structures, gyrification, and diffusion-based measures are 
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depicted in blue. In this graph, not all investigated macroscopic observations are included, the 

selection is limited to the variables that show significant differences between preterm- and term-born 

individuals. Details on the analysis will be explained in chapter 4. Finally, IQ as a proxy for cognitive 

performance is shown in purple.  

First of all, it can be observed that many structural elements (blue) have been linked to preterm birth 

(red). In turn, many of these structural elements have been linked to IQ (purple). Secondly, much 

research has been done on finding the cellular mediators of the influence of preterm birth on structure 

via the cellular level (green). Since the cellular relationships were described in chapter 0, I will focus on 

the structural findings in this chapter. When referring to the effects of preterm birth, effects of hypoxic-

ischemic events or white matter injury in general, low gestational age, low birth weight and intensity 

of neonatal treatment are summarised for better understanding. Additionally, if not specified 

otherwise, all observations were made in MRI scans. 

Short term. When investigating preterm-born neonates at the time of birth or term-equivalent age, 

many changes to brain structure were found compared to term-born neonates. Kinney et al. 2012 

observed a loss of subplate neurons and GABAergic neurons in a post mortem study of 15 preterm 

born children and ten control subjects, the loss of GABAergic neurons was also found by Robinson et 

al. 2006 in 15 preterm born children. Changes in the thalamus were observed by Batalle et al. 2017, 

including smaller volume and impaired development of connectivity in a group of 65 neonates scanned 

between GW 24-41. They also observed an impaired development of overall connectivity in the brain 

in the same cohort. Additionally, Barnett et al. 2018 detected decreased fractional anisotropy with 

high radial diffusion in this cohort. Boardman et al. 2010 found a smaller volume of both basal ganglia 

and white matter in a cohort of 80 preterm subjects scanned at term equivalent age and 20 control 

subjects. At age 7, Zhang et al. 2015 found several changes in cortical development in 24 very preterm 

born children and 24 control subjects, including altered synaptogenesis, smaller cortical volume, 

decreased surface area, and aberrant gyrification. Furthermore, in a mouse model, injured white 

matter axons were observed (Alix et al. 2012), and Buser et al. 2012; Buntinx et al. 2004 discovered 

white matter injuries. These included especially pre-oligodendrocyte abnormalities along with 

proinflammatory microglia as well as reactive astrocytes in cell culture and retrospective compared to 

prospective autopsy cases, respectively. 

Long term. When investigating long-term influences of preterm birth on brain development, similar 

observations to the short-term findings can be made. For instance, reduced grey matter volumes in 

cortex and subcortex were observed in different cohorts ( Amygdala: 101 preterm and 108 controls at 

age 26 (Schmitz-Koep et al. 2021); hippocampus: 103 preterm and 109 control subjects at age 26 

(Hedderich et al. 2020a); cholinergic basal forebrain (cBF): 49 preterm and 59 control subjects at age 

18-22 (Grothe et al. 2017); subcortical regions: 99 preterm and 106 control subjects (Meng et al. 

2016)). Additionally, Schmitz-Koep et al. 2020 found reduced cortical thickness in 101 preterm and 111 

control subjects at age 26, while Hedderich et al. 2020b found reduced cortical complexity, and 

Hedderich et al. 2019 found aberrant gyrification patterns in the same cohort. Deviations in cortical 

surface area were detected by Skranes et al. 2013 in a group of 38 preterm and 59 control subjects at 

age 19. When investigating the white matter, altered volume was described by Nosarti et al. 2014 in 

73 preterm and 43 control subjects aged 19-20. Additionally, lower fibre density (group of 73 preterm 

and 89 controls at age 26, Menegaux et al. 2020) and fractional anisotropy (group of 85 preterm and 

69 control at age 25-27 (Meng et al. 2016) as well as 49 preterm and 59 control at age 18-22 (Eikenes 

et al. 2011)) were discovered. Furthermore, aberrant development of connectivity was detected in 

cortico-thalamic (Menegaux et al. 2021), resting-state (Bäuml et al. 2015) and intrinsic functional 

networks (White et al. 2014) in groups of 70 preterm born adults and 67 controls, 96 preterm born 
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adults and 84 controls at age 25-27 as well as 23 term-born adults at age 27 and 29 very-preterm born 

adults at age 28, respectively. 

Impacts on cognitive performance. Relationships between preterm birth and cognitive performance 

are, for example, found by Meng et al. 2016; Eikenes et al. 2011, who found that changes in fractional 

anisotropy lead to changes in cognitive performance. The same relationship was found between 

changes in gyrification patterns and cognitive performance (Hedderich et al. 2019), as well as changes 

in the volume of the left dentate gyrus and cognitive performance (Hedderich et al. 2020a). 

Furthermore, connections between cortical thickness (Schmitz-Koep et al. 2020), cholinergic basal 

forebrain volume (Grothe et al. 2017), as well as WM forebrain volume (Nosarti et al. 2014) and 

cognitive performance were observed in MRI scans of preterm born subjects.  

Since these factors have all been investigated separately, a correlation analysis will give further insight 

into the developmental impairments in preterm birth. Additionally, causal analyses were not 

performed on the topic of preterm birth before, and overall rarely in structural MRI, for example 

(Pölsterl and Wachinger 2021), so this, too, will yield new understandings. 
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3 Data 
For my thesis, I used data from structural and diffusion-weighted MRI scans, as well as birth-related 

variables. In the following paragraphs, I will summarise the acquisition and pre-processing of the data 

used in my thesis. 

 

Figure 2 - Demographical, clinical, and cognitive data, taken from (Hedderich et al. 2020b) 

3.1 Participant information 

The data were acquired in the Bavarian Longitudinal Study (BLS), which observed very preterm-born/ 

very low birth weight (VP/VLBW) children as well as healthy full-term (FT) control subjects during their 

development from birth until adulthood (Wolke and Meyer 1999; Hedderich et al. 2020b). The BLS 

measured 682 VP/VLBW subjects born before 32 weeks of gestation and/or birth weight below 1500g. 

At age 26, 101 VP/VLBW and 111 full-term individuals were scanned in an MRI. The difference between 

the number of initially recruited individuals and individuals measured at the 26-year follow-up is 

explained by the exclusion of participants via psychological assessments, MR-related exclusion criteria 

and lack of motivation of the participants. The control subjects were chosen via stratification variables 

gender and socio-economic status of the family to be comparable to the study group. (Hedderich et al. 

2020b) 

MRI scans were performed at the Department of Neuroradiology, Klinikum rechts der Isar, Technische 

Universität München for 145 subjects and at the Department of Radiology, University Hospital of Bonn 

for 67 subjects. More details are described in Grothe et al. 2017; Bäuml et al. 2015. 

Demographical, clinical, and cognitive data on the cohort can be found in Figure 2. In the VP/VLBW 

group, cortical and subcortical volumes, as well as gyrification, were measured in 90 patients, cBF 

volume in 96 participants and diffusion-based measures were measured in 72 patients. In the FT group, 

cortical and subcortical volumes, as well as gyrification, were measured in 106 patients, cBF volume in 

107 participants and diffusion-based measures were measured in 89 patients. 

3.2 Data acquisition 

Many variables measured in the BLS are used for my thesis. First of all, structural information on the 

volume on specific cortical and subcortical regions as well as the overall gyrification were recorded in 

structural MRI. The data were acquired in Philips 3T systems (a Philips Achieva 3T and a Philips Ingenia 

3T each in Munich and Bonn) using 8-channel SENSE head-coils. Sequence parameters were identical 

in all scanners, and dummy-regressors were used to account for scanner-specific differences. The 

images were acquired by a T1-weighted, 3D-MPRAGE sequence with a reconstructed isotropic voxel 

size of 1 mm3 (TI=1300ms, TR=7.7ms, flip angle 15°, FOV= 256mm x 256mm) (Hedderich et al. 2020b). 
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The volumes and gyrification were computed using Freesurfer (Fischl 2012) with the Desikan-Killiany 

atlas (Desikan et al. 2006). 

 Secondly, diffusion-based measures, in particular fibre density and fractional anisotropy, were 

measured using diffusion-weighted imaging. Diffusion-weighted images were acquired using a single-

shot spin-echo echo-planar imaging sequence in the same scanners as the structural data, and the 

results were one non-diffusion weighted image (b=0 s/mm2) and 32 diffusion-weighted images 

(b=1000, SENSE factor=2, TE=47ms, TR=20150ms, flip angle=90°, FOV=224mm x 224mm, matrix=112 

x 112, 75 transverse slices, slice thickness=2mm, interslice gap=0mm, voxel size=2mm x 2mm x 2mm) 

(Menegaux et al. 2020). The data were pre-processed and quality controlled using FSL, MRtrix3 and 

BrainSuite Software (Jenkinson et al. 2012; Tournier et al. 2019; Shattuck and Leahy 2002) in order to 

extract fibre density and fractional anisotropy maps. Further details can be found in (Menegaux et al. 

2020). Regional information was extracted using the John Hopkins University (JHU) -ICBM-DTI-81 WM 

labels atlas (Mori et al. 2005). 

As birth-related variables, gender, gestational age (GA), birth weight (BW), a score for measuring 

medical complications at birth (intensity of neonatal treatment; INTI), and the socio-economic status 

of the family at the time of birth (SES) were recorded. GA was estimated from medical reports and 

assessments, while birth weight was recorded in obstetric records. The INTI score was obtained from 

a standardised neonatal optimality scoring system (OPTI), and the SES score from an assessment of the 

profession of the self-identified head of the family and the highest education the parents participated 

in at the time of birth of the neonate. Further details can be found in (Menegaux et al. 2020; Hedderich 

et al. 2020b). 

One participant was excluded as an outlier for the correlation analysis, and for the causal relationship 

analysis, only participants with a complete dataset were included, resulting in 60 VP/VLBW subjects. 
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4 Methods 
In this chapter, I will explain in detail my approach to the analyses. These analyses include statistical 

testing, correlation analysis, similarity analysis, as well as causal inference, all performed in python, 

version 3.8.10 (van Rossum and Drake 2010). 

4.1 Correlation-Analysis  

The first step was to analyse the MRI scans and look for significant differences between VP/VLBW and 

FT adults. Then, in the following steps, I examined the correlation between those differences. 

Correlation analysis is being done because brain development and the resulting impairments in 

preterm birth are such complex processes. Much research has been done to identify separate regions 

and cell types of interest, but similarities have to be analysed to reduce the intricacy and facilitate 

further research. This is why correlations and clusters of these correlations will be investigated here. 

4.1.1 Categories for different developmental processes of tissue properties 

In order to analyse the impact of premature birth on the development of different brain tissues, the 

data were categorised into five main groups: white matter properties, cortical volume, cortical 

gyrification, subcortical volumes, and total intracranial volume (TIV). For white matter, the data were 

further separated into fibre density measurements (FD), fractional anisotropy (FA) and volume of the 

forebrain, hypointensities as well as cerebellum white matter volume. For the cortical volume and 

gyrification, all local subregions were included in the computations. As subcortical volumes, amygdala, 

thalamus, hippocampus, putamen, accumbens area, pallidum, brainstem, cortical cerebellum, and 

cholinergic basal forebrain (cBF) in both hemispheres, respectively, were selected. 

These categories were chosen based on tissue properties and represent separate developmental 

processes in order to analyse the impact of premature birth on the development of different tissues. 

4.1.2 Detection of areas with significant differences and effect sizes 

In this paragraph, I will explain how significant differences and effect sizes were computed on the 

dataset. This was done to identify possible candidates for correlation analyses in order to find 

meaningful groups of impaired developmental processes. 

All available data were combined into a dataset to decide which developmental processes show 

significant developmental differences in VP/VLBW compared to FT subjects. This dataset included 

measurements for volumes from the left and right hemisphere, as well as different regional 

measurements for FA, FD and gyrification all over the brain. First, distributions were checked for 

similarity with a two-sample Kolmogorov-Smirnov test implemented in SciPy, version 1.6.2 (Virtanen 

et al. 2020), afterwards, pairwise p-values were calculated using Mann-Whitney-U tests (Mann and 

Whitney 1947) implemented in Pingouin, version 0.3.11 (Vallat 2018) for these two categories, for each 

variable, respectively. Next, the p-values were adjusted for multiple testing using Benjamini-Hochberg 

correction (Benjamini and Hochberg 1995) implemented in statsmodels, version 0.12.2 (Seabold and 

Perktold 2010). Afterwards, Cohen's delta (Cohen 2013) was computed to measure effect sizes 

implemented in Pingouin, version 0.3.11 (Vallat 2018).  

For further analysis, only variables with significant differences in VP/VLBW compared to FT individuals 

(adjusted p-value < 0.05) and with an effect size larger than 0.5 were selected. 

In the last step, a mean value for all variables of one developmental process was computed for each 

subject respectively. Consequently, one location-independent representative value was obtained for 
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each impaired developmental process in each subject. Thus, for example, all measurements belonging 

to FD all over the brain that showed significant differences between VP/VLBW and FT individuals were 

combined into one mean value representing the impairments in FD. 

4.1.3 Correlation Analysis of developmental disorders 

In order to identify groups of similarly impaired developmental processes, a correlation analysis is 

performed. These correlations will identify developmental processes that develop similarly after 

impairments by preterm birth. 

To compute correlations of the impaired developmental processes, the mean values obtained in the 

step above were then used as input variables in order to find relationships between impaired 

developmental processes. The pairwise correlations were analysed using Pearson's r for linear 

relations, implemented in Pingouin, version 0.3.11  (Vallat 2018).  Pearson’s r was selected as a 
correlation measure since, in pairwise plots, relations were found to be mainly linear (see appendix, 

Figure 38). Finally, correlations were displayed in heatmaps using seaborn, version 0.11.1 (Waskom 

2021), and p-values were corrected for multiple testing with Benjamini-Hochberg correction.  

4.1.4 Clustering 

To determine which developmental processes form correlation clusters, clustering of the Pearson 

correlation matrix was done using agglomerative hierarchical clustering (Murtagh and Contreras 2012) 

with Euclidian distance and average linkage implemented in seaborn, version 0.11.1 (Waskom 2021). 

Agglomerative hierarchical clustering uses a bottom-up approach for linking the most similar groups. 

Therefore, the resulting dendrogram can be used for assessing similarities between groups. The same 

clustering algorithm was also used for the variables-participant matrix to check for possible clusters in 

the participants.  

The results obtained from clustering the VP/VLBW and the FT subjects were compared to investigate 

the differences. Using graph kernels on the created dendrograms, shortest path and graphlet sampling 

were applied, these kernels are implemented in GraKel, version 0.1.8 (Siglidis et al. 2020). Shortest 

path kernels firstly separate graphs in their shortest paths and consequently analyse pairs of these 

shortest paths based on length and labels of endpoints. Similarly, graphlet sampling kernels create 

subgraphs of the input graphs and compare matching graphlets from both input graphs (Siglidis et al. 

2020). Additionally, the edit distance between the graphs (Zhang and Shasha 1989) was computed 

using zss, version 1.2.0 (Tim Henderson 2021), representing the number of deletions, insertions and 

replacements being performed in order to transform one graph into the other. 

To assess reproducibility, the results of correlation-clustering were compared to the results of sparse 

principal component analysis (sparse PCA) on normalized data (Cai et al. 2013), which is a tool for 

dimensionality reduction with an additional constraint on the sparseness of the resulting eigenvectors, 

therefore making interpretations easier. The implementation of sparse PCA in scikit-learn, version 

0.24.2 (Pedregosa et al. 2011) was used. 

 

4.2 Causal Relationship Analysis 

In this paragraph, the approach to identifying causal effects between structural measures and 

cognitive performance is explained. 

Causal inference is the process of estimating causal effects. A variable has a causal effect on an 

outcome if different values of the variable lead to different outcomes. In reality, however, every 

subject is only exposed to one value of the variable, and therefore, only one value can be observed 

for the outcome. So, because the rest of the observations are missing, no causal effect can be 
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measured. However, in a study cohort, the variable and the outcome are potentially different for 

each participant, so only an average causal effect in this population can be estimated. (Hernán and 

Robins 2020) 

Causation measures the outcome in the same population under different treatments, while 

association measures the outcome in two subsets of a population that each undergoes a different 

treatment value (Hernán and Robins 2020). However, to estimate these causal effects, every 

variable-outcome combination would have to be observed in every subject respectively. In our case, 

we are analysing an observational study, which also allows inferring causal effects, as long as the 

identifiability condition holds. This condition is true if the posterior distribution can be estimated 

from the observed joint distribution, which applies in our case. 

The causal question asked in this approach is "What is the average causal effect of changing structural 

measures (volumes, gyrification, FA, FD) on cognitive performance (IQ) in VP/VLBW adults?".  

In order to analyse which variables have an influence on cognitive performance, causal analysis was 

performed. The approach was based on research for causation in Alzheimer’s disease (Pölsterl and 

Wachinger 2021), who combined a deconfounding approach (Wang and Blei 2019) with Bayesian 

estimation to account for unobserved confounders. 

For finding causal relationships, the first step is to develop a causal graph that represents all available 

data and the respective connections based on expert knowledge and literature review. In our case, the 

graph (compare Figure 3) shows the influence of the impaired developmental processes on cognitive 

performance – the confounders in this scenario-, and on the other hand, the influences of birth-related 

and social variables on these developmental processes and cognitive performance. Since it is not 

known what influence the birth-related and social variables have on the relationship between 

developmental processes and cognitive performance, and furthermore, whether any other 

confounders are not observed, the deconfounding approach is applied as a next step before analysing 

the causal relationships in the last step. (Pölsterl and Wachinger 2021) 

 

Figure 3 - causal graph, created with yEd (yWorks GmbH 2019) 

The algorithm applied was firstly PPCA (Tipping and Bishop 1999) for deconfounding and secondly 

Bayesian linear regression (Box and Tiao 1992), both using probability distributions to estimate the 

parameters. 
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Data preparation included splitting the participants into a train- and a test-set and normalizing both 

based on the train-set. Afterwards, the variables in train-and test-set together were separated into 

assigned causes, in this case being MRI-derived measures on the one hand and meta-information on 

the other hand, including socio-economic status, gender, birth weight, gestational age, the intensity of 

neonatal treatment, and the scanner. These data were then passed to the deconfounding step. 

Step 1 - Deconfounding. In most cases, measured data are confounded both by observed and 

unobserved confounders. Confounders are defined as hidden variables that have influence both on 

the assigned causes and on the potential outcome, implying a correlation of causes and outcome as 

well as biased estimates of causal inference. If these observed and unobserved multiple-cause 

confounders are simultaneous of interest, a deconfounder can be used. With the deconfounding 

algorithm proposed by Wang and Blei 2019, both observed and unobserved confounders can be 

included in the analysis while making weaker assumptions than other causal inference models. To do 

this, unsupervised machine learning is combined with predictive model checking. Therefore, a latent 

variable model representing the relations between variables is fitted and used to predict the latent 

variable for each subject, providing a substitute for unobserved confounders (Wang and Blei 2019). 

This substitute makes the assigned causes independent and therefore suited for causal inference. The 

latent variable model used in my thesis is probabilistic principal component analysis (PPCA) (Tipping 

and Bishop 1999). The PPCA model is fit on a part of the data, while some datapoints are held back as 

a test-set that is being used later.  The assumptions for using the deconfounder are that the latent-

variable model represents the assigned causes well and that there are no unobserved single-cause 

confounders. This stands in contrast to the common assumption of causal inference models having no 

unobserved confounders at all. This is done because this assumption of no unobserved confounders 

rarely holds in practice (Pölsterl and Wachinger 2021).  For assessing the results of PPCA, Bayesian p-

values with expected negative log-likelihood as a test statistic are computed by comparing simulated 

datapoints drawn from the posterior predictive distribution with the previously held out data (Pölsterl 

and Wachinger 2021). Only sufficient representations of the causes (Bayesian p-value > 0.1) are 

accepted. As a last step, posterior mean estimates and the reconstruction of the causes are computed. 

The identifiability of causal effects of neuroanatomical measures and a substitute confounder has been 

proven in (Pölsterl and Wachinger 2021) with Pearl's do-calculus (Pearl 2000), which I will not go into 

detail on as it is outside the scope of this thesis.  

Step 2 – Bayesian linear regression. After deconfounding the data, causal analysis can be performed 

to predict IQ from MRI-derived measures and the substitute confounder. The input data were the 

reconstructed causes instead of the original MRI derived measures to account for the unobserved 

confounder. To do this, the train-test split is recreated, and Bayesian linear regression (Box and Tiao 

1992) with a t-distribution for the likelihood of the targets is used to model the effects of impaired 

developmental processes on cognitive performance. This approach was chosen based on the 

observed normal distribution for IQ as a target (see appendix, Figure 39). Priors were normal 

distributions with a mean of 0 and a standard deviation of 10, and the degrees of freedom were 

modelled using an exponential distribution.  Bayesian linear regression yields results for the model 

parameters as posterior probability distributions via samples drawn using no-U-turn Monte-Carlo 

sampling in pystan, version 2.19.1.1 (Riddell et al. 2021). Also, predictions for a test set have been 

made. The highest density intervals representing the posterior distribution for the resulting draws 

are plotted both for the deconfounded and the non-deconfounded data to assess significance. The 

reliability of the results is controlled in posterior predictive checks.  

To summarize, causal analysis is done by removing the impact of possible observed and unobserved 

confounders on the assigned causes, the MRI-derived measures in this analysis. These adjusted 

assigned causes are then used to analyse their significance in the relationship to the effect, in this 
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case, IQ. These significances can then be interpreted as information on causal relationships between 

causes and effect. 
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5 Results 
In the first part of my master's thesis, I followed the research question, "Are there correlations 

between differences in developmental processes?". In order to answer the question, it was separated 

into subquestions that I will be elaborating on in the following chapter. These subquestions are: 

1. What are the developmental processes relevant for the information that can be obtained from 

MRI scans? 

2. Which of these developmental processes show significant differences between VP/VLBW and 

FT individuals? 

3. Which of these significant differences in developmental processes are correlated? 

The second part of my thesis answers the question, "What are the causal relationships between the 

MRI-derived measures that show significant differences between VP/VLBW and FT individuals and 

IQ?".  

In this chapter, I will present the results of these questions.  

5.1 Subquestion 1: What are the different developmental processes?  

As explained in chapter 4.1.1, the available variables were sub-categorised into five main groups: white 

matter properties, cortical volume, cortical gyrification, subcortical volumes, and total intracranial 

volume (TIV). These categories were selected based on the microstructure of the tissues and represent 

different developmental processes. 

5.2 Subquestion 2: Which developmental processes have significant differences 

between VP/VLBW and FT individuals? 

Significant differences were computed between VP/VLBW and FT individuals using Mann-Whitney-U 

Tests (Mann and Whitney 1947) and correction for multiple testing with Benjamini-Hochberg 

correction (Benjamini and Hochberg 1995) as well as effect sizes (Cohen 2013) (see chapter 4.1.2). 

Significant differences (corrected p-value < 0.05 and Cohen's d > 0.5) have been found in cortical 

volume, cortical gyrification, FA, FD, white matter forebrain volume and subcortical volumes. The 

significantly different subcortical volumes were amygdala, thalamus, hippocampus, nucleus 

accumbens, putamen, pallidum, brainstem, cholinergic basal forebrain, and caudate volumes. Detailed 

results can be found as a table in the appendix (Chapter 9.1), and visualisations will be shown in the 

next paragraphs. 

5.2.1 Visualisations of significantly different cortical and subcortical volumes  

Figure 4 - Figure 9 depict the cortical regions that show significantly different volumes in VP/VLBW and 

FT born adults. These regions are in the right hemisphere, the banks of the superior temporal sulcus, 

inferior parietal lobe, isthmus of the cingulate gyrus, lateral orbitofrontal cortex, middle temporal 

gyrus, orbital part of the inferior frontal gyrus, posterior cingulate cortex, rostral anterior cingulate 

cortex, superior parietal lobe, and supramarginal gyrus. In the left hemisphere, inferior parietal lobe, 

isthmus of the cingulate gyrus, lateral orbitofrontal cortex, middle temporal gyrus, orbital part of the 

inferior frontal gyrus, precentral gyrus, and superior parietal lobe volumes are significantly different. 

For the subcortical volumes in Figure 10 and Figure 11, nucleus accumbens in both hemispheres, the 

amygdala in both hemispheres, brainstem, caudate in both hemispheres, cholinergic basal forebrain, 

hippocampus in both hemispheres, pallidum in both hemispheres, putamen in the right hemisphere, 

and thalamus volumes in both hemispheres are significantly different between VP/VLBW and FT adults.  

In these figures, colour is only used for the distinction of different regions and does not represent an 

order of any kind. 
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Figure 4 - Significant developmental differences in cortical volume (bottom view); highlighted are the lateral orbitofrontal 

cortices, cingulate cortices, orbital part of the inferior frontal gyri, and middle temporal gyri. Created with BrainPainter 

(Marinescu et al. 2019). 

 

Figure 5 - Significant developmental differences in cortical volume (top view); highlighted are the parietal cortices (superior 

and inferior), supramarginal gyrus, and the precentral gyrus.  Created with BrainPainter (Marinescu et al. 2019). 

 

 

Figure 6 - Significant developmental differences in cortical volume (inner left hemisphere); highlighted are the isthmus of the 

cingulate cortex, as well as the superior parietal and lateral orbitofrontal cortex. Created with BrainPainter (Marinescu et al. 

2019). 
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Figure 7- Significant developmental differences in cortical volume (inner right hemisphere); highlighted are the cingulate 

cortex (isthmus, posterior, and rostral anterior part), as well as superior parietal and lateral orbitofrontal cortex. Created with 

BrainPainter (Marinescu et al. 2019). 

 

 

Figure 8- Significant developmental differences in cortical volume (outer right hemisphere); highlighted are the lateral 

orbitofrontal cortex, orbital part of the inferior frontal gyrus, middle temporal gyrus, parietal cortices (superior and inferior), 

banks of the superior temporal sulcus, and supramarginal gyrus. Created with BrainPainter (Marinescu et al. 2019). 

 

Figure 9- Significant developmental differences in cortical volume (outer left hemisphere); highlighted are the lateral 

orbitofrontal cortex, orbital part of the inferior frontal gyrus, middle temporal gyrus, parietal cortices (superior and inferior), 

and the precentral gyrus. Created with BrainPainter (Marinescu et al. 2019). 
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Figure 10 - Significant developmental differences in subcortical volume (right hemisphere); highlighted are the nucleus 

accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus. Created with BrainPainter (Marinescu et 

al. 2019). 

 

Figure 11 - Significant developmental differences in subcortical volume (left hemisphere); highlighted are the nucleus 

accumbens, amygdala, caudate, hippocampus, pallidum, and thalamus. Created with BrainPainter (Marinescu et al. 2019). 

 

5.2.2 Visualisations of areas with significantly different cortical gyrification  

In Figure 12 - Figure 17, significant differences in cortical gyrification between VP/VLBW and FT born 

adults are visualised. These regions are in the right hemisphere lateral occipital gyrus, middle temporal 

gyrus, pars opercularis, pars orbitalis and pars triangularis of the inferior frontal gyrus, postcentral 

gyrus, superior parietal lobe, superior temporal gyrus, transverse temporal gyrus, as well as insular 

lobe. In the left hemisphere, cuneus, middle temporal gyrus, pars opercularis of the inferior frontal 

gyrus, pericalcarine cortex, precuneus, superior parietal lobe, superior temporal gyrus, transverse 

temporal gyrus, and insular lobe show significant differences in gyrification. 

As before, in these figures, colour is only used for the distinction of different regions and does not 

represent an order of any kind. 
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Figure 12 Significant developmental differences in gyrification (bottom view); highlighted are middle temporal gyri, middle 

temporal gyri, and superior temporal gyri. Created with BrainPainter (Marinescu et al. 2019). 

 

Figure 13 Significant developmental differences in gyrification (top view); highlighted are pars opercularis (both hemispheres) 

and pars triangularis of the inferior frontal gyrus, postcentral gyrus, and superior parietal lobes. Created with BrainPainter 

(Marinescu et al. 2019). 

 

Figure 14 Significant developmental differences in gyrification (inner left hemisphere); highlighted are superior parietal lobe, 

cuneus, precuneus, and pericalcarine cortex. Created with BrainPainter (Marinescu et al. 2019). 
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Figure 15 - Significant developmental differences in gyrification (inner right hemisphere); highlighted are lateral occipital gyrus 

and superior parietal lobe. Created with BrainPainter (Marinescu et al. 2019). 

 

Figure 16 Significant developmental differences in gyrification (outer left hemisphere); highlighted are middle temporal gyrus, 

pars opercularis of the inferior frontal gyrus, superior parietal lobe, superior temporal gyrus, transverse temporal gyrus, and 

insular lobe. Created with BrainPainter (Marinescu et al. 2019). 

 

Figure 17 Significant developmental differences in gyrification (outer right hemisphere); highlighted are lateral occipital gyrus, 

middle temporal gyrus, pars opercularis, pars orbitalis and pars triangularis of the inferior frontal gyrus, postcentral gyrus, 

superior parietal lobe, superior temporal gyrus, transverse temporal gyrus, and insular lobe. Created with BrainPainter 

(Marinescu et al. 2019). 
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5.2.3 White matter properties with significant differences 

The white matter properties that showed significant differences between VP/VLBW and FT born adults 

are white matter forebrain volume in both hemispheres, as well as specific areas in FA and FD.  

When looking at FA differences, the body of corpus callosum, column and body of fornix, superior 

cerebellar peduncle in both hemispheres, right cerebral peduncle, external capsule in both 

hemispheres, cingulate gyrus in both hemispheres, left forniceal crus/stria terminalis, uncinate 

fasciculus in both hemispheres, as well as left tapetum showed significant differences. 

The significant differences in FD were observed in genu, body, and splenium of the corpus callosum, 

column and body of fornix, superior cerebellar peduncle in both hemispheres, right cerebral peduncle, 

left external capsule, right cingulate gyrus, forniceal crus/stria terminalis in both hemispheres, right 

uncinate fasciculus as well as left tapetum. 

To summarize the findings, significant differences between VP/VLBW and FT born adults were found 

in various grey and white matter structures. These structures will be the starting point for the further 

analyses looking into similarities in the significant impairments of developmental processes in the 

VP/VLBW group. 

5.3 Subquestion 3: Which significant differences in developmental processes are 

correlated? 

For identifying similarities in impaired development after VP/VLBW birth, correlations and clusters of 

these correlations were computed. These clusters are then used to identify groups of developmental 

processes that exhibit similar differences in VP/VLBW compared to FT born adults. 

After computing the significant differences, for each significantly impaired developmental process, a 

mean value per subject was computed (see chapter 4.1.2). This was done to focus on the processes 

and create a representative value independent of regional indices. In this chapter, I will describe the 

findings. 

5.3.1 Correlation Matrices 

In Figure 18 and Figure 19, the correlations between significantly impaired developmental processes 

in VP/VLBW and FT born adults, respectively, are depicted. 

In VP/VLBW born adults, it can be seen that especially high correlations are between FD and FA 

(r=0.91), while further high correlation can be seen in the combinations thalamus - pallidum volume, 

caudate - accumbens volume, accumbens - cBF volume, cBF – pallidum volume, as well as the 

hippocampus - amygdala volume (r≥0.75). On the other hand, especially low correlations can be 

observed between gyrification and caudate, brainstem, putamen, as well as FA (r≤0.25). 

Conversely, the highest correlations in term-born adults are in the combinations of white matter 

forebrain volume – thalamus volume and hippocampus – amygdala volume (r≥0.75). Furthermore, the 

lowest correlations were observed in multiple combinations of FD/FA – cortical/subcortical 

volumes/gyrification (r≤0.25). 
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Figure 18 - Heatmap of Pearson correlation of significantly different developmental processes in the VP/VLBW group 
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Figure 19 - Heatmap of Pearson correlation of significantly different developmental processes in the FT group 

5.3.2 Clusters in Correlation Matrices 

As can already be seen when looking at the results of the correlation analyses, clusters of correlations 

can be observed. Using agglomerative hierarchical clustering (Murtagh and Contreras 2012) (see 

chapter 4.1.4), dendrograms representing these clusters were computed both for VP/VLBW and FT 

born adults based on similarity of the correlations. Based on these similarities, clusters and subclusters 

can be separated. 

In VP/VLBW born adults (Figure 20), the first cluster consists of cortical gyrification, therefore 

representing the least similarity to other measures. The rest of the variables are further subdivided 

into a cluster containing FA as well as FD, and in the same way, another cluster of hippocampus, 

putamen, caudate and nucleus accumbens volumes is split off.  

In FT born adults (Figure 21), on the other hand, the first split separates FA and FD from the rest of the 

measures. Then, in another division, gyrification is separated from the rest of the variables, in which 

could be divided into accumbens volume and further into more minor splits. However, no further 

unambiguous separation can be observed. 
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The dendrograms obtained with hierarchical clustering can be compared using multiple measures (see 

chapter 4.1.4). Based on graph kernels, the result of the shortest path comparison is 0.973, while the 

result of graphlet sampling is 0.946, the edit distance is 23. These results show that the clusterings of 

VP/VLBW and FT born adults are not the same but similar. 

 

 

 

Figure 20 - Clustergrid for Pearson correlation based on euclidean distance metric, VP/VLBW group 



 

- 32 - 

 

 

Figure 21 - Clustergrid for Pearson correlation based on euclidean distance metric, FT group 

 

5.3.3 Sparse PCA Analysis 

To check the clustering results with another method, the same data were analysed using sparse PCA 

(see chapter 4.1.4). Sparse PCA analyses have principal components as a result that are sparse in the 

variables they represent. As seen in the analysis with three principal components in the data of 

VP/VLBW born adults in Figure 22, the first principal component includes all volume measures, the 

second principal component includes FA and FD, and the third principal component represents cortical 

gyrification. These findings support the clusterings found in hierarchical clustering, however, Figure 24 

shows that the fourth component would represent the brainstem, and therefore the clustering is not 

entirely identical to the sparse PCA analysis. 

The same overall result is found when looking at term-born adults (Figure 23): In an analysis with three 

principal components, the first component includes gyrification and all volumes, except caudate 

volume, the second component represents FA and FD, and finally, the third component represents 

caudate volume. In the same analysis with four principal components (Figure 25), the fourth 

component would represent cortical gyrification. Consequently, the PCA results do also not represent 

the clustering results perfectly but are similar. 
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Figure 22 - Sparse PCA results for three principal components in the VP/VLBW group 

 

Figure 23 - Sparse PCA results for three principal components in the FT group 
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Figure 24 - Sparse PCA results for four principal components in the VP/VLBW group 

 

Figure 25 - Sparse PCA results for four principal components in the FT group 

 

5.3.4 Clusters in Participant Matrix 

The same hierarchical agglomerative clustering algorithm for the correlations can also be applied to 

the participant-variable matrix, using the original data instead of correlations. As shown in Figure 26, 

in VP/VLBW born adults, three major groups can be identified. One group contains one single 

participant with high values for most of the variables. Another group can be identified as 12 subjects 

that mainly have low values for the variables, and the third group is made up of the rest of the 
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participants, containing mixed values. These types of groups cannot be seen in the term-born adults 

(Figure 27), however, a group of two participants with low values for most variables can be identified.  

 

Figure 27 - Clustering on participants-variable matrix, term-born adults 

Summarising the results for the first research question, "Are there correlations between differences 

in developmental processes?”, it can be found that there are significant differences in developmental 

processes in VP/VLBW compared to FT born adults. Furthermore, these significant differences are 

Figure 26 - Clustering on participants-variable matrix, preterm-born adults 
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correlated and can be grouped based on similarities. These groupings differ in the VP/VLBW and FT 

groups. A detailed discussion of the results can be found in chapter 6.1. 

5.4 Subquestion 4: "What are the causal relationships between the MRI-derived 

measures that show significant differences between VP/VLBW and FT born 

individuals and IQ?"  

To answer the question "What are the causal relationships between the MRI-derived measures that 

show significant differences between VP/VLBW and FT born individuals and IQ?", causal analysis was 

performed based on Bayesian linear regression and deconfounding (see chapter 4.2). The analyses 

were performed both on deconfounded and original data to be comparable. For deconfounding with 

PPCA based on one unobserved confounder, the Bayesian p-value was 0.807. 

I will present the results both for analysis with and without deconfounding in this chapter. These results 

can also be seen in Figure 28 and Figure 29, with bars representing the highest density intervals. In 

blue, results of the deconfounded data are displayed, while orange represents the original data 

without deconfounding. Negative results imply that if the value of the variable is higher, IQ is lower, 

and positive results can be interpreted as the higher the value, the higher IQ. A result is significant if it 

does not cross the line at 0. 

Deconfounded data. We found that thalamus volume, cholinergic basal forebrain volume, caudate 

volume, brainstem volume, and amygdala volume are causally relevant with a positive relationship for 

analysing the cognitive performance based on IQ when looking at the 75% highest density interval 

(HDI) in the deconfounded model (see Figure 28, blue). Negative causal relationships were found in 

putamen volume and cortical gyrification. Furthermore, in the 97.5% HDI, we found that thalamus 

volume is positively causally relevant for analysing the cognitive performance based on IQ (see Figure 

29, blue).  

These results can also be observed when plotting the effect sizes (Figure 30 - Figure 36). The positive 

effects are in the effect of thalamus volume on IQ (Figure 36), where a volume increase of 1000 mm3 

leads to an IQ that is approximately 15 points higher, as well as cBF volume (Figure 34, an increase of 

200 mm3 leads to an about 20 points higher IQ), caudate volume (Figure 33, an increase of 1000 mm3 

leads to an increase of about 7 IQ points), brainstem volume (Figure 32, an increase of 1000 mm3 leads 

to an about 3 points higher IQ), and amygdala volume (Figure 31, an increase of 1000 mm3 leads to an 

about 3 points higher IQ). On the other hand, negative effects can be seen in the effect of putamen 

volume on IQ (Figure 35), where an increase in volume of 1000 mm3 has an approximately 8 points 

lower IQ as a consequence, as well as cortical gyrification (Figure 30), where an increase of the 

gyrification index by 0.5 leads to a decreased IQ of about 11 points. The effect sizes for the non-causally 

relevant results can be found in the appendix (Figure 40-Figure 47). 

Original data without deconfounding. When looking at the 75% HDI intervals in the model without 

deconfounding, we found that thalamus volume, cholinergic basal forebrain volume, brainstem 

volume, and amygdala volume are significant with a positive relationship when analysing the cognitive 

performance (see Figure 28, yellow). Additionally, white matter forebrain volume, putamen volume, 

and cortical gyrification were negatively significant. On the other hand, in the 97.5% HDI, we found 

that the cholinergic basal forebrain is positively significant for analysing the cognitive performance 

based on IQ (see Figure 29, yellow). 

These results show that the data are confounded by the observed confounders gestational age, 

gender, INTI, scanner, and one or possibly more unobserved confounders. This is demonstrated by the 

differences between deconfounded and non-deconfounded results in Figure 28 and Figure 29. It can 

be observed that the influence of white matter forebrain volume, caudate volume, and thalamus 
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volume was confounded by the confounders since the decision about whether there is a causally 

relevant relationship in the model has been changed by deconfounding. In addition, apart from the 

shifts in causal relevance, especially thalamus volume is confounded in the original data, based on the 

significant shift in value this variable's distribution shows. 

However, since in the posterior predictive check (Figure 37), the posterior is not perfectly aligned with 

the observed data, implying that the model does not perfectly fit the data, the interpretation has to 

be done carefully. Therefore, more work on this topic is needed to make more meaningful 

observations. 

To summarize the results for the question "What are the causal relationships between the MRI-

derived measures and IQ?" it can be said that there is at least one unobserved confounder that 

influences the measures. After deconfounding, multiple developmental processes were found to be 

causally linked to IQ in the VP/VLBW group. An in-depth discussion can be found in chapter 6.2. 
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Figure 29 - Results of causal analysis for deconfounded and non-deconfounded data, shown are 97.5% HDI 

Figure 28- Results of causal analysis for deconfounded and non-deconfounded data, shown are 75% HDI 
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Figure 30 - Effect size of cortical gyrification on IQ, blue depicts predictions by drawing from the posterior distribution, 

orange depicts mean of predictions 

 

Figure 31 - Effect size of amygdala volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

Figure 32 - Effect size of brainstem volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 
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Figure 33 - Effect size of caudate volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

Figure 34 - Effect size of cBF volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

Figure 35 - Effect size of putamen volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 
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Figure 36 - Effect size of thalamus volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

 

Figure 37 - Posterior predictive check for the linear regression model 
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6 Discussion 
In this chapter, I will discuss and interpret the results presented in chapter 5. Therefore, I will answer 

the research questions and analyse whether the results agree with previous research. 

6.1 "Are there correlations between differences in developmental processes?" 

In the first part of my thesis, I researched the question, "Are there correlations between differences in 

developmental processes?". I found that indeed there are developmental processes that are 

significantly different in VP/VLBW birth compared to FT birth and, furthermore, that these 

developmental processes are correlated and can be categorised into groups based on similarity.  

The first cluster, containing cortical gyrification only, could be explained by the distinct process of 

gyrification that is not directly related to volumes or connectivity, but rather a combination of those 

as well as possible other mechanisms, for instance, genetics. In contrast, the fact that gyrification is 

more similar to other measures in term-born adults shows that gyrification could be a key target of 

impairment in VP/VLBW birth and is supported by differences in gyrification patterns found by 

Hedderich et al. 2019.  

The second cluster containing FD and FA implies that FD and FA develop more similar to each other 

than to other measures. It could be explained by the fact that both measure connectivity based on 

diffusion-weighted MRI. Since preterm birth is known to affect axonal development both via direct 

influence as well as via impaired myelination, and on the other hand, affect connectivity in several 

cortical and subcortical networks, FA and FD being not that similar to other measures could be 

explained. Additionally, differences in FA and FD in VP/VLBW born adults were also reported by 

Menegaux et al. 2020. The observation that FA and FD together form a more distinct cluster in FT 

adults compared to VP/VLBW born adults could be caused by the fact that gyrification is a much more 

distinctly impaired developmental process in VP/VLBW born adults than in FT born adults. 

In the same way, the third similarity cluster containing hippocampus, putamen, caudate nucleus, and 

nucleus accumbens could be explained by the fact that putamen, caudate nucleus as well as nucleus 

accumbens together are all part of the basal ganglia and therefore developmentally closely related. 

Additionally, the hippocampus is connected to the basal ganglia via the ventral striatum consisting of 

the nucleus accumbens (David Smith and Paul Bolam 1990). Differences in basal ganglia as well as in 

hippocampus development in VP/VLBW subjects were not surprising since they already were reported 

by Volpe 2019 and Hedderich et al. 2020a. This is also possibly why, in term-born adults, this effect is 

not as outstanding. Research suggests that both basal ganglia and hippocampus are involved in 

memory and learning, although in different ways (Shohamy et al. 2009), which could also hint towards 

related development. 

Significant differences in the measures in the last cluster, cortical volume, cBF, brainstem, white matter 

forebrain, thalamus, globus pallidus and amygdala volumes also come to no surprise since Nosarti et 

al. 2014 reported differences in the thalamus and brainstem volumes, Volpe 2019 wrote about 

differences in thalamic, cortical and white matter volumes, while Schmitz-Koep et al. 2021 reported 

decreased amygdala volumes. Additionally, Loh et al. 2017 observed lower pallidum volumes in 

VP/VLBW born children at the age of 7 years, which could be caused by the fact that the pallidum 

mainly contains GABAergic neurons that are highly vulnerable to hypoxic events. The grouping could 

fit since especially cortex and thalamus are highly connected, and white matter represents these 

connections among others (Menegaux et al. 2021). The same is true for the brainstem, which is 

connected to the thalamus (Krout et al. 2002), the amygdala (connections to cortex and brainstem 

(Liddell et al. 2005)), cBF (having cholinergic connections to the cortex) (Semba 1991) and the globus 

pallidus, which connects to the cortex via the thalamus (Kemp and Powell 1971).  
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Interestingly, not all parts of the basal ganglia are grouped into one similarity cluster, which could be 

caused by the globus pallidus being an output nucleus, while caudate, putamen and nucleus 

accumbens are input nuclei (Groenewegen 2003). 

The fact that sparse PCA can support these clusters underlines the expressiveness of these results. 

In the FT group, three main clusters were identified that differed from the VP/VLBW groups in the 

order and arrangement of included developmental processes. This could be caused by processes that 

are altered explicitly in VP/VLBW birth, while others are less severely impaired and therefore separated 

into different groups. In the FT group, however, this separation would not occur, so the groups would 

not be as distinctive. 

Overall, the highest correlations in VP/VLBW born adults were observed between FD and FA, which 

could be explained by both measuring WM fibre tracts (see above). Further high correlations between 

subcortical volumes could also be expected since they are highly connected, and all suffer from 

neuronal and axonal damage during preterm birth. On the other hand, the lowest correlations 

between gyrification and FA or subcortical volumes could be explained by the fact that gyrification, FA 

and subcortical volumes represent different developmental processes and develop following different 

time courses.  

Additionally, the differences in correlations in the VP/VLBW compared to the FT group could be caused 

by the same reasons possible for explaining the differences in the clustering. Here, again, impairments 

in VP/VLBW birth could lead to differences in development that are shared between developmental 

processes and, therefore, more correlated in the FT group than the VP/VLBW group. Additionally, the 

same could be true for the differences in the lowest correlation. Here, different impairments could 

apply to different developmental processes and therefore make them less correlated. 

Other interesting observations were the subgroups in VP/VLBW born subjects, which could be due to 

impacts of gender or birth-related variables but could also have other reasons. Therefore, further 

research is needed to possibly identify different types of effects of preterm birth.  

To conclude, the correlations we found in our analyses resulted in plausible insights into correlations 

in developmental processes of VP/VLBW born adults. These analyses have not been performed before 

and pave the way for further research that focuses on the groups we identified. 

 

6.2 "What are the causal relationships between the MRI-derived measures and IQ?" 

In the second part of my thesis, I investigated possible causal effects between the MRI-derived 

measures that showed significant differences in VP/VLBW compared to FT born adults and cognitive 

performance using deconfounding and causal inference.  

We found that deconfounding with one additional unobserved confounder had an effect on the 

results, implying that apart from birth weight, gestational age at birth, gender, socio-economic status 

and scanner used, at least one other variable influences either MRI-derived measures, cognitive 

performance, or both. This could be explained by preterm birth being a highly complex topic involving 

multiple causes and effects. However, further research is needed to identify these additional possible 

confounders and their impact on the topic of preterm birth. 

The causal relationships that were identified were the connection between thalamus volume and IQ, 

which was significant in a 97.5% HDI. Since the thalamus is mainly involved in attention, information 

processing and memory, a strong causal relationship is not surprising (Amin and Ontaneda 2020). 

Further causally relevant relationships were found between putamen volume, cholinergic basal 
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forebrain volume, caudate volume, brainstem volume, amygdala volume, as well as cortical gyrification 

and IQ, however with less certainty. These results are explainable by the fact that the basal ganglia, 

including putamen and nucleus caudate, are involved in learning (Shohamy et al. 2009), while the 

amygdala is involved in emotional responses, long-term memory, working memory as well as attention 

(Schaefer and Gray 2007). Furthermore, brainstem nuclei have been found to be involved in cognition 

(Köhler et al. 2016). A contribution of gyrification to the impact of premature birth on cognitive 

performance was also reported by Hedderich et al. 2019, who found that aberrant gyrification, 

especially in lateral temporal association cortices being associated with IQ impairments in VP/VLBW 

born adults via a mediation analysis. The same effect was also found in a mediation analysis by Grothe 

et al. 2017 for the cholinergic basal forebrain in VP/VLBW born adults, being explained by the role of 

cBF in cognitive functions. Therefore, this causal analysis provides further indication for gyrification as 

well as cBF and the other identified causes being an essential target for risk prediction and drug 

targeting. An essential result of the causal analyses are the effect sizes of these causally relevant 

relationships, which validate the findings and are useful for risk prediction.  

Interestingly, the hippocampus, being hypothesised to be one of the main components involved in 

memory formation and retrieval (Andersen et al. 2006), does not seem to have a causal relationship 

with cognitive performance. This could be the case because other measures already explain the effect 

of hippocampus volume on differences in cognition, however, further research is needed. 

This causal analysis yields important results since, for the first time, not only associations but also 

causations can be observed in the context of preterm birth. In contrast to the causal findings, when 

not using the deconfounding approach, in the 75% HDI, white matter forebrain volume is significant, 

while caudate volume is not significant for analysing cognitive performance. In the 97.5% HDI, 

thalamus volume is insignificant, and cholinergic basal forebrain volume is significant. The rest of the 

causally relevant variables are also significant in the analysis without deconfounding. These differences 

could be due to these measures representing developmental differences that are, in fact, caused by 

one of the confounders. Still, since they are not considered in this non-causal analysis, the effect seems 

to come from the measure itself. On the other hand, insignificant variables in the original data can 

become causally relevant because the confounders mask their effect. These influences of the 

confounders are then reversed by applying deconfounding.  

To conclude, we performed the first causal analysis on the impacts of impaired developmental 

processes on cognitive performance in VP/VLBW born adults. While these results have to be 

interpreted carefully, our results are plausible since we considered unobserved confounders. 

Furthermore, with this approach, we identified causal relationships that had not been identified 

before. 

6.3 Strengths and limitations 

In my thesis, some limitations are present. Firstly, the dataset is biased towards participants with less 

severe complications at birth since more complications make exclusion from MRI more likely. This 

makes the estimated effects conservative estimates of the actual effects in the complete cohort. 

Additionally, the socio-economic status can change over the course of 26 years, and since it was only 

assessed at birth and not during the course of development, it may bias the data. On the other hand, 

the large sample size of 101 VP/VLBW born children and 111 FT controls makes the results robust and 

generalisable. Furthermore, the effect of age on brain development is excluded in these analyses since 

all participants were roughly examined at the same age (26 years). The recording of the MRI scans in 

four different scanners could contribute bias to the data, even though this effect was accounted for 

during pre-processing. Also, the present dataset only represents the development at one point in time, 

so for further research, longitudinal studies are needed to investigate the findings during brain 
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development from birth until adulthood. More information on the limitations of the dataset can be 

found in (Hedderich et al. 2019). Another important point is that the causal analysis must be 

interpreted carefully due to an imperfect fit in the posterior predictive check, and further analyses are 

needed to find a better-suited model. This model could incorporate non-parametric Gaussian 

processes and therefore avoid our assumption of linearity. However, causal analysis is a strong tool to 

investigate relationships since directed relationships can be identified compared to associations in 

other analyses. Additionally, the deconfounding approach with the inclusion of unobserved 

confounders allows finding causal relationships without strong assumptions, some of these 

relationships would not have been found without accounting for unobserved confounding. 
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7 Conclusion 
In conclusion, we developed a comprehensive graph of related literature, created models, interpreted 

the results, found an answer to both research questions and paved the way for further research on the 

topic of preterm birth by finding interesting new questions. 

The answer to the first research question, "Are there correlations between differences in 

developmental processes?" is yes, there are correlations between impaired developmental processes. 

These impairments can be found in many but not all investigated developmental processes, and, 

furthermore, the observed correlations can be grouped into 4 clusters based on similarity. 

The answer to the second question, "What are the causal relationships between the MRI-derived 

measures that show significant differences between VP/VLBW and FT born individuals and IQ?", shows 

for the first time that thalamus volume, putamen volume, cholinergic basal forebrain volume, caudate 

volume, brainstem volume, amygdala volume and cortical gyrification are causally relevant for IQ with 

high certainty.  

The implications for preterm-born children are that the correlations and causal relations we found 

could inform new targets for drugs and inform further research. Also, especially the causal 

relationships could inspire new ways of risk assessment for cognitive function in preterm-born 

neonates. In this context, the open questions are how accounting for regional indices influences these 

results and what findings can be made. Another question is how the clusters we found could be 

explained and whether they can be replicated on other datasets, and lastly, how our findings in adults 

can be transferred to preterm-born children. 

Additional further research should consider whether VP/VLBW born adults or children can be grouped 

into subgroups and how the causal analysis could be improved to make more reliable observations. 

To summarise, this thesis applied new approaches in the area of research on preterm birth and 

contributed previously unknown insights as well as further research questions. 
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9 Appendix 

9.1 P-values and effect sizes for significance analysis 

In this table, corrected p-values as well as effect sizes are displayed for the comparison VP/VLBW 

group and FT group. The values are sorted by ascending corrected p-value and labels are according to 

the extraction from Freesurfer, localGI is short for local gyrification index. 

Variables p_value_corrected cohens_d 

Left-Thalamus 5.34E-13 1.31443 

Right-Thalamus 5.34E-13 1.282291 

R_transversetemporal_localGI 1.8E-11 1.204942 

R_superiortemporal_localGI 1.77E-09 1.03354 

L_transversetemporal_localGI 2.21E-09 1.041901 

Brain-Stem 2.93E-09 1.01988 

Right-Hippocampus 3.23E-09 1.052627 

R_insula_localGI 4.59E-09 1.036773 

Left-Hippocampus 6.58E-09 0.995734 

rh_middletemporal_volume 7.76E-09 0.973433 

R_parsopercularis_localGI 8.64E-09 0.99812 

Right-Accumbens-area 2.61E-08 0.929238 

Left-Caudate 3.94E-08 0.954685 
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Right-Caudate 4.69E-08 0.881549 

Left-Accumbens-area 1.17E-07 0.879766 

L_superiortemporal_localGI 4.57E-07 0.851084 

L_insula_localGI 1.03E-06 0.824676 

R_superiorparietal_localGI 1.03E-06 0.778709 

R_middletemporal_localGI 1.69E-06 0.767988 

Left-Pallidum 2.2E-06 0.799583 

R_parstriangularis_localGI 3.32E-06 0.782315 

lh_middletemporal_volume 4.09E-06 0.755928 

rh_isthmuscingulate_volume 1.14E-05 0.761077 

fd_Body_CC 2.83E-05 0.822217 

rh_lateralorbitofrontal_volume 2.83E-05 0.67475 

fa_Ext_caps_L 3.06E-05 0.864511 

lh_parsorbitalis_volume 4.38E-05 0.679937 

fa_Fornix 4.8E-05 0.839191 

InSituTot 5.16E-05 0.700548 

L_parsopercularis_localGI 5.2E-05 0.676706 

L_cuneus_localGI 6.35E-05 0.712247 

fa_Cingulum_R 8.34E-05 0.795285 

Right-Pallidum 9.26E-05 0.658212 

fd_Fornix_strialis_L 0.000125 0.778143 

L_middletemporal_localGI 0.000125 0.643475 

L_precuneus_localGI 0.000152 0.626833 

fa_Uncinate_R 0.000156 0.76734 

lh_isthmuscingulate_volume 0.000161 0.609861 

R_lateraloccipital_localGI 0.000167 0.621515 

Left-Amygdala 0.000179 0.613205 

fa_Fornix_stria_terminalis_L 0.000188 0.777673 

R_parsorbitalis_localGI 0.00019 0.643809 

rh_supramarginal_volume 0.000265 0.593456 

fa_Ext_caps_R 0.000289 0.704547 

L_pericalcarine_localGI 0.000303 0.610989 

rh_bankssts_volume 0.000303 0.543177 

rh_inferiorparietal_volume 0.000335 0.566753 

R_precuneus_localGI 0.000336 0.494672 

L_superiorparietal_localGI 0.000504 0.586429 

lh_lateralorbitofrontal_volume 0.000578 0.579959 

lh_inferiorparietal_volume 0.0007 0.580615 

fa_Uncinate_L 0.00077 0.660685 

R_postcentral_localGI 0.00077 0.555201 

lh_precentral_volume 0.00077 0.524609 

fd_Genu_CC 0.000773 0.672072 

rh_posteriorcingulate_volume 0.000773 0.588391 

R_cuneus_localGI 0.000803 0.495746 

rhCerebralWhiteMatterVol 0.000969 0.591055 

rh_rostralanteriorcingulate_volume 0.001032 0.516733 

lhCerebralWhiteMatterVol 0.001066 0.566878 
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fa_Cingulum_L 0.001182 0.624498 

rh_parsorbitalis_volume 0.001184 0.592678 

Right-Putamen 0.001402 0.551671 

lh_superiorparietal_volume 0.001611 0.549859 

rh_superiorparietal_volume 0.001624 0.561458 

Right-Amygdala 0.001654 0.551289 

EstimatedTotalIntraCranialVol 0.001952 0.476516 

lh_parstriangularis_volume 0.002132 0.488203 

fd_Fornix 0.002174 0.679571 

fa_Body_CC 0.002174 0.68388 

rh_precentral_volume 0.002393 0.472054 

fd_Cingulum_R 0.002956 0.654636 

fa_Sup_cereb_ped_L 0.003417 0.612101 

fd_Ext_caps_R 0.003433 0.499798 

rh_postcentral_volume 0.003433 0.476652 

fd_Cerebral_ped_R 0.003792 0.55578 

fd_Fornix_strialis_R 0.003792 0.559008 

R_pericalcarine_localGI 0.003792 0.456143 

L_paracentral_localGI 0.004751 0.439554 

fd_Uncinate_R 0.005387 0.513247 

R_supramarginal_localGI 0.006008 0.395182 

lh_bankssts_volume 0.006115 0.453703 

R_precentral_localGI 0.006468 0.424207 

lh_posteriorcingulate_volume 0.007534 0.463524 

fa_Sup_cereb_ped_R 0.007741 0.58851 

fa_Cerebral_ped_R 0.008368 0.535718 

lh_postcentral_volume 0.008555 0.47302 

fd_Sup_cereb_ped_R 0.008742 0.546687 

lh_supramarginal_volume 0.009007 0.411488 

fa_PTR_L 0.009034 0.450467 

fd_Ext_caps_L 0.010531 0.569706 

fd_Sup_cereb_ped_L 0.011359 0.522341 

Right-Cerebellum-White-Matter 0.011962 0.405685 

fd_Tapetum_L 0.012916 0.526545 

rh_fusiform_volume 0.013293 0.379612 

fa_Tapetum_L 0.013337 0.579798 

L_lingual_localGI 0.014248 0.405009 

Left-Putamen 0.016404 0.42723 

rh_lingual_volume 0.016809 0.364714 

Right-Cerebellum-Cortex 0.017225 0.376204 

rh_precuneus_volume 0.018057 0.433327 

fd_Splenium_CC 0.019006 0.513524 

rh_transversetemporal_volume 0.019978 0.415103 

L_parahippocampal_localGI 0.022296 0.346879 

rh_parstriangularis_volume 0.024216 0.397595 

fa_Inf_cereb_ped_R 0.025427 0.435585 

lh_rostralmiddlefrontal_volume 0.028805 0.33718 
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fd_Post_limb_IC_R 0.033655 0.405535 

fd_Cingulum_L 0.033984 0.497395 

lh_superiorfrontal_volume 0.037044 0.327787 

fd_Ant_limb_IC_L 0.039869 0.413055 

Left-Cerebellum-White-Matter 0.043953 0.345077 

fd_Uncinate_L 0.044541 0.398506 

lh_fusiform_volume 0.045432 0.356948 

lh_lingual_volume 0.046112 0.331702 

lh_rostralanteriorcingulate_volume 0.046959 0.380919 

lh_cuneus_volume 0.049609 0.332458 

rh_cuneus_volume 0.053253 0.23131 

fd_Post_CR_R 0.053939 0.417985 

lh_insula_volume 0.053939 0.30995 

CC_Mid_Anterior 0.059946 0.356753 

fa_Fornix_stria_terminalis_R 0.067665 0.368798 

L_isthmuscingulate_localGI 0.067665 0.289069 

L_parstriangularis_localGI 0.071713 0.280668 

L_postcentral_localGI 0.078111 0.273811 

fa_Genu_CC 0.080123 0.369424 

L_precentral_localGI 0.080274 0.263693 

CC_Anterior 0.08997 0.294658 

lh_transversetemporal_volume 0.093949 0.322211 

rh_insula_volume 0.097497 0.273518 

fa_Ant_CR_L 0.09836 0.249064 

CC_Central 0.100977 0.287855 

R_lingual_localGI 0.120687 0.278986 

Left-Cerebellum-Cortex 0.122903 0.260183 

L_lateraloccipital_localGI 0.125505 0.34203 

fa_SLF_R 0.129309 0.229539 

L_posteriorcingulate_localGI 0.143028 0.219981 

fd_Tapetum_R 0.144732 0.363785 

fa_Tapetum_R 0.145861 0.354283 

R_frontalpole_localGI 0.145861 0.275223 

rh_caudalanteriorcingulate_volume 0.152518 0.235229 

fa_Inf_cereb_ped_L 0.156992 0.310597 

lh_parahippocampal_volume 0.162597 0.14059 

fd_Post_limb_IC_L 0.165183 0.330926 

lh_parsopercularis_volume 0.168221 0.218853 

fa_Cingulum_hippo_L 0.170041 0.237728 

fa_Cingulum_hippo_R 0.171296 0.291092 

R_lateralorbitofrontal_localGI 0.176475 0.267131 

fd_CST_L 0.182403 0.28401 

R_inferiortemporal_localGI 0.182403 0.205406 

rh_superiorfrontal_volume 0.182403 0.239884 

lh_medialorbitofrontal_volume 0.182403 0.218564 

L_supramarginal_localGI 0.186891 0.156999 

fa_SFOF_R 0.202669 0.18399 
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CC_Posterior 0.209275 0.099029 

fa_Ant_CR_R 0.209275 0.231198 

rh_entorhinal_volume 0.209275 0.245353 

fa_PTR_R 0.222789 0.28092 

lh_caudalmiddlefrontal_volume 0.223068 0.221872 

fa_Post_limb_IC_R 0.230343 0.24928 

fa_Retrolent_part_IC_L 0.231915 0.29902 

L_inferiorparietal_localGI 0.237171 0.178494 

fa_Retrolent_part_IC_R 0.239685 0.194643 

rh_superiortemporal_volume 0.242257 0.180046 

R_bankssts_localGI 0.245995 0.187377 

fa_Mid_cereb_peduncle 0.250881 0.256849 

fd_Cingulum_hippo_R 0.259002 0.221172 

L_frontalpole_localGI 0.273691 0.17193 

R_paracentral_localGI 0.273691 0.189075 

rh_frontalpole_volume 0.27458 0.206015 

fa_SFOF_L 0.291511 0.24465 

rh_medialorbitofrontal_volume 0.292487 0.219583 

L_fusiform_localGI 0.294736 0.218794 

WM-hypointensities 0.295016 0.289361 

lh_lateraloccipital_volume 0.298607 0.216568 

fd_SFOF_R 0.298986 0.163861 

Optic-Chiasm 0.305199 0.204625 

R_rostralanteriorcingulate_localGI 0.308193 0.186166 

fd_Medial_lemn_R 0.32118 0.136456 

R_posteriorcingulate_localGI 0.322517 0.136091 

rh_parahippocampal_volume 0.325912 0.079598 

lh_pericalcarine_volume 0.325912 0.150074 

fd_SLF_L 0.342575 0.255314 

rh_temporalpole_volume 0.342575 0.123712 

fd_SFOF_L 0.372665 0.243408 

L_rostralmiddlefrontal_localGI 0.37968 0.220232 

rh_rostralmiddlefrontal_volume 0.37968 0.172142 

L_temporalpole_localGI 0.381515 0.158241 

fd_Sup_CR_R 0.383359 0.214392 

fa_Cerebral_ped_L 0.383359 0.194037 

R_isthmuscingulate_localGI 0.383359 0.067026 

rh_pericalcarine_volume 0.394404 0.095132 

fd_Ant_limb_IC_R 0.404617 0.171455 

fa_Sag_stratum_R 0.404673 0.1993 

lh_paracentral_volume 0.412829 0.160787 

R_medialorbitofrontal_localGI 0.416367 0.141799 

fd_Medial_lemn_L 0.420007 0.173295 

lh_superiortemporal_volume 0.425115 0.131239 

R_caudalmiddlefrontal_localGI 0.438624 0.16027 

L_unknown 0.457473 0.063468 

R_fusiform_localGI 0.457752 0.131332 



 

- 59 - 

 

fa_Sup_CR_R 0.465219 0.181605 

R_inferiorparietal_localGI 0.469474 0.129901 

rh_parsopercularis_volume 0.485442 0.103389 

fd_CST_R 0.491052 0.118148 

fd_Retrolent_part_IC_R 0.500606 0.064335 

fa_CST_R 0.515112 0.068046 

lh_precuneus_volume 0.52048 0.101896 

R_unknown 0.535391 0.054831 

L_superiorfrontal_localGI 0.553316 0.121784 

lh_caudalanteriorcingulate_volume 0.561042 0.140338 

fa_Post_CR_L 0.56142 0.136341 

rh_paracentral_volume 0.56142 0.126262 

lh_inferiortemporal_volume 0.561616 0.130386 

fd_Pontine_crossing_tract 0.564359 0.11981 

fd_PTR_R 0.569342 0.118107 

fa_Post_limb_IC_L 0.579445 0.117387 

fd_Mid_cereb_peduncle 0.589609 0.081829 

fa_Sag_stratum_L 0.594523 0.02078 

L_bankssts_localGI 0.594523 0.143156 

R_parahippocampal_localGI 0.606776 0.095497 

fd_Cerebral_ped_L 0.63064 0.101168 

R_superiorfrontal_localGI 0.63064 0.099271 

L_caudalanteriorcingulate_localGI 0.642385 0.056019 

fd_Sup_CR_L 0.646171 0.168975 

fa_Ant_limb_IC_L 0.662008 0.109334 

L_caudalmiddlefrontal_localGI 0.690721 0.068626 

fd_Inf_cereb_ped_R 0.735601 0.14469 

fa_CST_L 0.737822 0.126861 

L_lateralorbitofrontal_localGI 0.737822 0.06141 

rh_inferiortemporal_volume 0.737822 0.051274 

fd_Ant_CR_L 0.750722 0.091752 

lh_frontalpole_volume 0.754232 0.014844 

fa_Medial_lemn_L 0.7606 0.070036 

R_temporalpole_localGI 0.7606 0.055948 

fa_Pontine_crossing_tract 0.76295 0.077117 

fd_Inf_cereb_ped_L 0.768084 0.171143 

L_entorhinal_localGI 0.772298 0.091501 

lh_entorhinal_volume 0.790844 0.148836 

fa_SLF_L 0.791806 0.08221 

fa_Splenium_CC 0.802495 0.144805 

fd_Cingulum_hippo_L 0.821613 0.08217 

fd_PTR_L 0.828324 0.069912 

L_rostralanteriorcingulate_localGI 0.828324 0.037032 

fa_Medial_lemn_R 0.831098 0.058461 

fd_Retrolent_part_IC_L 0.857912 0.010876 

fd_Sag_stratum_L 0.857912 0.003978 

L_parsorbitalis_localGI 0.860481 0.005853 
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fa_Sup_CR_L 0.876203 0.057829 

R_rostralmiddlefrontal_localGI 0.879534 0.07101 

fd_Sag_stratum_R 0.89594 0.011429 

fd_SLF_R 0.89594 0.070227 

rh_lateraloccipital_volume 0.89594 0.005946 

R_caudalanteriorcingulate_localGI 0.909976 0.05789 

fd_Ant_CR_R 0.910791 0.05331 

CC_Mid_Posterior 0.929631 0.165592 

fa_Ant_limb_IC_R 0.935983 0.052776 

rh_caudalmiddlefrontal_volume 0.935983 0.028818 

L_medialorbitofrontal_localGI 0.953007 0.02643 

R_entorhinal_localGI 0.953007 0.023659 

lh_temporalpole_volume 0.976836 0.141522 

fd_Post_CR_L 0.978938 0.003454 

fa_Post_CR_R 0.994272 0.006118 

L_inferiortemporal_localGI 0.998992 0.015658 
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9.2 Pair plot 

 

Figure 38 - Pair plot for the combinations of significantly different developmental processes 
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9.3 Histogram for the distribution of IQ 

 

Figure 39 - Distribution of IQ scores 

9.4 Effect sizes of non-causally significant developmental processes 

 

Figure 40 - Effect size of white matter forebrain volume on IQ, blue depicts predictions by drawing from the posterior 

distribution, orange depicts mean of predictions 



 

- 63 - 

 

 

Figure 41 - Effect size of cortical volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

Figure 42 - Effect size of accumbens volume on IQ, blue depicts predictions by drawing from the posterior distribution, 

orange depicts mean of predictions 
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Figure 43 - Effect size of caudate volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 

Figure 44 - Effect size of hippocampus volume on IQ, blue depicts predictions by drawing from the posterior distribution, 

orange depicts mean of predictions 

 

Figure 45 - Effect size of pallidum volume on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 
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Figure 46 - Effect size of fractional anisotropy on IQ, blue depicts predictions by drawing from the posterior distribution, 

orange depicts mean of predictions 

 

Figure 47 - Effect size of fibre density on IQ, blue depicts predictions by drawing from the posterior distribution, orange 

depicts mean of predictions 

 


