Department of Physiology
Faculty of Medicine
University of Helsinki
Helsinki, Finland
and
Department of Neuroscience and Biomedical Engineering
Aalto University School of Science
Espoo, Finland
Doctoral Programme Brain & Mind

Brain regions and networks supporting working
memory and selective attention processing in typically
developing and extremely preterm-born children
Maksym Tokariev

ACADEMIC DISSERTATION
Doctoral thesis, to be presented for public examination with the permission of the Faculty of
Medicine of the University of Helsinki, in Lecture Hall 3, Biomedicum Helsinki I, on the 26th of
October, 2020 at 13 o’clock.

Helsinki 2020

Research location
Department of Physiology, Faculty of Medicine
University of Helsinki
Biomedicum Helsinki I, Helsinki, Finland
Doctoral programme
Brain & Mind
Supervisor
Professor Synnöve Carlson, MD, PhD
Department of Neuroscience and Biomedical Engineering
Aalto University School of Science, Espoo, Finland
and Department of Physiology, Faculty of Medicine, University of Helsinki
Helsinki, Finland
Pre-examiners
Assistant professor Juho Joutsa, MD, PhD
Turku Brain and Mind Center
University of Turku
Turku, Finland
Adjunct professor Juha Nikkinen, PhD
Department of Radiotherapy
Oulu University Hospital
Oulu, Finland
Opponent
Associate professor Alexander Leemans, PhD
Image Sciences Institute (ISI),
University Medical Center Utrecht
Utrecht, The Netherlands

The Faculty of Medicine uses the Urkund system (plagiarism recognition) to examine all
doctoral dissertations

Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis
ISBN 978-951-51-6683-8 (paperback)
ISBN 978-951-51-6684-5 (PDF)
ISSN 2342-3161 (print)
ISSN 2342-317X (online)
Unigrafia, Helsinki 2020

ABSTRACT
Structural and functional development of the brain during the maturation results in an
improvement of higher cognitive abilities such as attention, working memory (WM), and
executive functions. The most pronounced changes take place in the frontal, parietal and
temporal association cortices which orchestrate the goal-directed behaviour in response to the
incoming information. During development, a set of brain regions establishes a processing
system of functionally coupled large-scale networks which maintains higher cognition. As an
example, the frontal and parietal areas constitute the fronto-parietal network which supports WM
and selective attention. The protracted maturation of the association brain regions such as the
prefrontal cortex (PFC), which also regulates activity in posterior brain regions, is reflected in
the age-related gradual improvement of cognitive abilities in children.
The neuroanatomical basis of higher cognition starts to shape during the third trimester of
pregnancy when the brain undergoes significant structural changes and forms the precursors of
neuronal networks that will support a wide range of cognitive functions. This critical stage of
brain development is extremely sensitive to endogenous and environmental factors. Extreme
preterm birth (< 28 gestational week) poses a high risk of developing lifelong neurological and
cognitive impairments.
This thesis investigated the functional organization of brain regions underlying attention and
WM, and the network functional connectivity in young, school-aged children. Study I
investigated task-related activation and top-down regulation induced by PFC in the categoryspecific visual areas in healthy children and young adults. In three studies of the thesis the
consequences of extremely preterm birth were investigated in 7.5-year-old children. Study II
investigated the distribution of brain activation during visuospatial n-back tasks and Study IV the
dynamics of functional connectivity between two brain states, resting state and WM task
performance. Moreover, the effects of extremely preterm birth on the white matter
microstructure were investigated in Studies II and III. The data for thesis were obtained using
functional magnetic resonance imaging and diffusion tensor imaging (DTI) techniques.
Study I found that both adults and children activated the retrosplenial complex (RSC) and
parahippocampal place area (PPA) during scene processing, although the RSC responded less
than the PPA. Adults demonstrated weaker task-related modulation of activity in the RSC
compared with the PPA, while this modulation in children was comparable between the two
regions. Together, these results suggest that cognitive control over category specific regions is
still under development in 7–11-year-old children.
Study II investigated brain responsivity during WM n-back tasks and the white mater
microstructure in extremely preterm-born (EPB) and term-born (TB) children. The EPB,
compared with TB children, showed weaker WM-related brain activation in the PFC and weaker
deactivation of the right temporal lobe. Moreover, they failed to recruit additional neuronal
resources when the cognitive load was increased. In addition, the EPB children performed the nback tasks poorer than the TB children during the scanning. The EPB children also showed
alteration of the white matter microstructure in multiple white matter tracts. Unlike the EPB
children, the TB children showed significant associations between the microstructure of the
anatomical connections and performance of the n-back tasks. Overall, these results suggest that
even in EPB children without neurological or neurosensory impairments, the microstructure of
the white matter neural tracts and recruitment of brain areas related to WM are compromised.
Study III presents the protocol that was used in Study II for the preprocessing and analysis of
DTI data acquired from young school-aged children. The protocol pointed out several problems
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related to the DTI from child populations, and presented solutions to the collecting of the data,
preprocessing, template generation, data registration and statistical analysis.
Study IV explored differences in the functional architecture of the brain networks between
EPB and TB children during resting state and task performance. Tasks performance showed
stronger functional connectivity (FC) within and between the regions of the default mode and
fronto-parietal networks that are involved in WM processing, whereas the resting state
connectivity was largely characterized by stronger between-network FC. The EPB, compared
with TB controls, exhibited weaker dynamic modulation of FC between resting state and task
performance. In both groups, larger modulation of FC between brain states associated with better
performance of the tasks. These results underline the importance of flexible network connectivity
for cognitive performance and demonstrate that this ability may be compromised in preterm-born
children with no obvious cognitive impairments.
The thesis demonstrates a protracted functional specialization for the visual category-selective
brain regions and their top-down regulation in school-aged children. The thesis also shows that
extreme prematurity may be reflected on the white matter microstructure, brain responsiveness
and functional connectivity even in school-aged children with normal global cognitive abilities.
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1. INTRODUCTION
Our dynamically changing environment is overloaded with information that necessitates the
selection of relevant portions and filtering out irrelevant distracting stimuli. An efficient
processing of external information depends on successful functioning of multiple cognitive
processes including selective attention, suppression of distractive stimuli and working memory.
These cognitive abilities are essential in daily routines and are especially important in mastering
new skills, gaining new knowledge and solving problems. An improvement in cognitive skills is
associated with gradual maturation of association brain areas including the prefrontal (PFC),
posterior parietal and temporal cortices, maturation of the microstructure of the neural
connections between the brain areas, and with flexible functional connectivity (FC) of the brain
networks. Thus, in children, who enter the elementary school, the normative development of
brain areas and the underlying neural connectivity is crucial for successful academic
performance and progress in studies.
Earlier neuroimaging studies have detected two regions in the visual system known as the
parahippocampal place area (PPA) and retrosplenial complex (RSC), which respond more to
images of scenes than to other visual object categories (Epstein 2008, Epstein and Kanwisher
1998). The processing of information in the category-specific regions of the visual system is
regulated by the attention-driven top-down signals from the PFC. The protracted maturation of
the PFC is reflected in the gradual improvement of cognitive functions including attention and
working memory (WM), and in the facilitation of the functional specialization of categoryselective regions. In Study I of this thesis, functional magnetic resonance imaging (fMRI), a noninvasive brain imaging technique, was used to explore the developmental changes in the topdown regulation of information processing in the scene-sensitive PPA and RSC areas. The brain
regions and associated networks that activated during attention and WM processes were explored
with the widely used 1-back tasks in 7–11-year-old healthy children and young adults.
The developing brain, however, is extremely sensitive to exogenous and endogenous factors
at the early stage of life. Extremely preterm birth (birth < 28 gestational week) is associated with
a high risk of adverse neurocognitive outcomes which may affect learning abilities and cognitive
skills (Glass et al. 2015). This thesis also investigated the impact of extreme prematurity on brain
structure and cognitive functions such as WM (Studies II-IV). The fMRI data during visuospatial
n-back tasks and during resting state, and diffusion tensor imaging (DTI) data were collected
from 7.5-year-old extremely preterm-born (EPB) and term-born (TB) children. Study II
investigated the impact of extreme prematurity on WM-related brain activation as well as on the
microstructure of the white matter. Study III provides a detailed description of the acquisition
sequence that was specifically designed for pediatric populations, and describes the analysis
steps of the DTI data collected from the 7.5-year-old EPB children and their age- and gendermatched TB controls.
Sensory, motor and higher cognitive functions of the brain are maintained by
functionally connected brain regions that constitute large-scale brain networks. The wiring of
these networks undergoes continuous changes throughout life in response to learning and
experience and can also be affected by disease or trauma. Study IV investigated how brain
state (resting state and task performance) affects large-scale network FC, and how extreme
prematurity may alter the FC and change the information flow of the large-scale brain networks.
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2. LITERATURE REVIEW
2.1 Prefrontal cortex, structure and function
The prefrontal cortex (PFC) is the foremost portion of the frontal lobe that lies anterior to the
premotor and motor areas. It underwent the largest expansion comparing with other cortical
regions during the process of evolution, and in humans it reached the maximum size relative to
the brain (Fuster 2015). The PFC is involved in a broad variety of cognitive functions and plays
a crucial role in complex cognition and behaviour.
The first attempt to define the PFC region was made in the first half of 20th century by
cytoarchitectonic studies of the brain cellular composition (Bailey and Bonin 1951, Economo
and Parker 1929). These studies delineated the lateral PFC from the rest of the frontal lobe
according to the presence of a well-developed layer IV, which consisted mainly of granular cells.
In contrast, due to a lack of a well identifiable layer IV, the medial and orbitofrontal cortices
were labelled as agranular (Ongür et al. 2003, Semendeferi et al. 2001). Further definition of the
PFC was made in studies on structural connections between distinct brain regions. According to
these works, the PFC was defined as the region that receives strong projections from the medial
dorsal thalamic nucleus (Goldman-Rakic and Porrino 1985, Ray and Price 1993, Van Buren and
Borke 1972) which relays signals from the amygdala and olfactory cortex. In general, the PFC is
richly interconnected with the rest of the brain and establishes structural networks for the
processing of complex cognition.
In terms of development, the PFC continues to mature until young adulthood. Anatomical
observations revealed that the process of PFC myelination is protracted and continues into the
third decade of life (Sowell et al. 1999). Myelin is a fatty substance that insulates the white
matter axons and increases the speed of neuronal signal propagation within the brain circuitry. In
the central nervous system, the glial cells called oligodendrocytes produce the myelin sheath
around the neuronal axons. As discovered by Paul Flechsig (Flechsig 1901), the myelination of
the brain at birth is incomplete, and its temporal pattern during the development varies across the
cortical regions. He also observed that the motor and sensory areas myelinate first, whereas for
the PFC and other association areas this process takes a longer time. The growth of fiber tracts
and their myelination during the childhood and adolescence is associated with an increase of the
PFC white matter volume (Sowell et al. 2002). This process is paralleled by changes in the grey
matter volume, which undergoes initial increase, reaches maximum by the age of 12 years and
then gradually diminishes during the adolescence (Giedd et al. 1999). The number of synapses in
the PFC also changes across development. The formation of synapses (synaptogenesis) increases
by the age of 3.5 years and then declines due to the pruning of synapses through adolescence
(Huttenlocher and Dabholkar 1997) and young adulthood (Sowell et al. 1999). Altogether, this
complex pattern of neuroanatomical changes during the development of the PFC is reflected in
the improvement in cognitive abilities (Crone et al. 2006, Luna et al. 2010, Tamm et al. 2002,
Tamnes et al. 2013).
The PFC maintains a variety of higher cognitive processes also known as executive functions
which include planning, decision-making, control of attention and working memory (WM).
These functions are not localized to a specific brain area, but rather they are maintained by
distributed networks of cortical and subcortical regions. Developmental neuroimaging studies
have shown that the PFC activation during the performance of cognitive tasks increases with age
(Ofen et al. 2007, Rubia et al. 2006, Tang et al. 2018, Wendelken et al. 2011). Such changes in
the brain activity are related to the maturation of the PFC and to the fine-tuning of brain regions
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comprising networks that maintain complex cognitive processing. Generally, the PFC is
subdivided into several distinct subregions: the orbitofrontal cortex (OFC), medial frontal cortex
(MFC) and the lateral prefrontal cortex (LPFC) (Figure 1). The OFC is located above the eye
sockets and receives inputs from multiple sensory modalities including smell, taste, vision and
touch (Rolls 2004) as well as inputs from the amygdala carrying information related to emotion
processing (Barbas et al. 2011). Together with portions of the MFC, the OFC plays an important
role in decision-making, social behaviour and inhibition of behavioural responses (Beer et al.
2006). Patients with a lesion in the OFC experience problems with social communication,
emotion regulation and exhibit signs of antisocial behaviour (sociopathy) (Blair 2001). Another
functionally defined region is the LPFC which can be subdivided into the dorsolateral PFC
(dlPFC) and ventrolateral PFC (vlPFC) (Figure 1). An exact anatomical definition of dlPFC is
complicated due to the high interindividual variability in the size and shape of the region as well
as its cytoarchitectonic inhomogeneity (Rajkowska and Goldman-Rakic 1995). The dlPFC forms
an interconnected system with posterior parietal, temporal and cingulate cortices. This region is
responsible for the organization of actions and has been implicated in planning (Kaller et al.
2011), shifting of attention (Kondo et al. 2004) and WM (Barbey et al. 2013, Curtis and
D'Esposito 2003). The vlPFC receives information from the OFC and subcortical regions such as
the amygdala and midbrain and has been implicated in emotion regulation (Gallucci et al. 2020,
Marques et al. 2018), semantic processing (Han et al. 2012) and motor inhibition (Levy and
Wagner 2011).
In addition to higher cognitive functions, the PFC plays an important role in personality
development. One of the most notable cases in medicine and neuropsychology that demonstrates
the relation of the PFC to personality and behaviour dates back to 1848. Phineas Gage, a railroad
foreman, suffered a work-related accident in which his brain was injured by a metal rod, that
entered the skull through the left eye socket and destroyed a large portion of his left frontal lobe.
He recovered from the injury and showed no signs of sensory or memory deficits. Moreover, he
also preserved the ability to talk and move, however, his personality had changed drastically.
Being a responsible and hardworking man, after the injury he was described as an irresponsible
and capricious person, demonstrating signs of uncontrolled impulsivity (a symptom of
orbitomedial lesion) (Harlow 1868, O'Driscoll and Leach 1998). Though the extent of his
cognitive changes is often misinterpreted (Macmillan 2000) and currently debated (Macmillan
2008), this particular case was one of the earliest evidence on PFC relation with personality traits
and it initiated further clinical investigation of PFC and associated behaviour (Barker 1995).

Figure 1. Functional subregions of prefrontal cortex. The prefrontal cortex is outlined with
yellow colour on lateral (left) and medial (right) surface planes of the brain. The approximate
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locations of the subregions are shown with coloured ellipses. dlPFC = dorsolateral prefrontal
cortex; vlPFC = ventrolateral prefrontal cortex; OFC = orbitofrontal cortex; LPFC = lateral
prefrontal cortex; MFC = medial frontal cortex.
2.2 Cognitive control and processing of visual information
One of the most important functions governed by the PFC is the top-down control over
lower-level processes in sensory, motor or memory systems. Our sensory systems receive a
continuous flow of information from the natural environment which has to be filtered and
processed by the brain in an efficient way in order to orchestrate appropriate goal-directed
behaviour. Given the direction of information flow during the processing of sensory
stimuli, perception can be influenced by bottom-up and top-down processes (McMains and
Kastner 2011). In the visual system, after the stimulus is acquired by the eye, the information
about stimulus-related features is processed within the hierarchically organized sets of brain
regions, first reaching the lower-level primary visual cortex and then flowing to the higher-level
association areas. As a result, the brain creates a representation of the visually presented
stimulus by reconstructing separate stimulus-related features into a single image. This kind of
processing of sensory information that relies on incoming information is considered as bottomup processing and is driven by the visual aspects of information. In such case, a particular
stimulus appears more salient compared with other stimuli due to its distinctive features such
as colour or shape. In contrast, when we need to voluntarily focus on a stimulus of interest and
discard distracting stimuli, the brain recruits a top-down regulation in order to emphasize the
information of interest. During visual processing, a great number of stimuli compete with
each other for neural resources. An enhancement of the processing of relevant stimuli using
the top-down regulation mechanisms augment neuronal activity in the stimulus-specific brain
regions and inhibit it in those areas that are not relevant to the processing of the stimulus
(Gazzaley and Nobre 2012, Giesbrecht et al. 2006). As opposed to the bottom-up processing, the
top-down mechanism is a largely cognitively driven process which takes into account the past
experience and depends on the knowledge that is already stored in mind. The PFC has been
suggested as a source of the top-down signals which modulate the activity in posterior
association cortices (Miller B. T. and D'Esposito 2005, Silton et al. 2010). The PFC forms a
widespread interconnected processing network with multiple cortical regions which allows it to
exert the modulation of signals in these cortices.
The top-down regulation has been previously investigated in the category-specific visual
regions (Gazzaley et al. 2007) that respond preferentially to images of faces, objects or scenes
(Epstein and Kanwisher 1998, Kanwisher 2010, Nestor et al. 2011). Such regional preference for
the categories of visually presented stimuli provides evidence for functional specialization in the
ventral visual stream, also known as the “what” stream, which is responsible for the recognition
and discrimination of shapes and objects. Historically, one of the first discovered categoryselective regions in the visual system was the fusiform face area (FFA) that is located in the
fusiform gyrus. A great number of neuroimaging studies have consistently reported FFA
responses during the viewing of face images which were significantly stronger compared with
responses to non-face visual stimulus categories (Grill-Spector et al. 2004, McCarthy et al. 1997,
Puce et al. 1996, Vuontela et al. 2013). Other evidence that supports an interpretation that the
FFA is specialized to faces has been provided by clinical studies, in which the patients with a
lesion to the fusiform region suffered from prosopagnosia, a neurological condition characterised
by impaired recognition of human faces (Barton et al. 2002). Together with the occipital face
13

area (OFA) and an area in the superior temporal sulcus (STS), the FFA forms a specialized
network for the processing of faces (Haxby et al. 2000). While the OFA forms the representation
about the constituent parts of faces such as the nose, eyes and lips (Liu J. et al. 2010), and the
STS has a role in the processing of dynamic changeable facial cues (Schobert et al. 2018), the
FFA is mostly responsible for the holistic representation of faces emerging from the basic parts
(Goffaux et al. 2012, Zhang J. et al. 2012).
Two other category-selective brain regions have been associated with the processing of scene
information and defined as the parahippocampal place area (PPA) (Epstein and Kanwisher 1998)
and the retrosplenial complex (RSC) (Maguire 2001). Together with the hippocampus, these
regions are involved in episodic memory, spatial navigation within the environment and in the
processing of information about natural stimuli (Vann et al. 2009). The PPA is located between
the posterior parahippocampal cortex and the anterior lingual gyrus and responds preferentially
to scenes of landscapes, cityscapes and rooms than to other non-scene objects (Epstein and Ward
2010). Moreover, the PPA is also activated by mental imagery of places (O'Craven and
Kanwisher 2000). It has been suggested that the PPA encodes the information about the shape of
the surrounding environment and its spatial layout irrespective to discrete objects presented
within the scene (Epstein and Ward 2010). Patients with damage to the PPA demonstrate
impaired processing of the topographical structure of the environment and are unable to identify
large topographical landmarks such as streets or buildings (Epstein 2008).
The RSC is another scene-sensitive brain region which, in contrast to the PPA, is involved in
more complex processing of spatial information as required, e.g. during navigation (Epstein
2008, Maguire 2001). The RSC lies posterior to the corpus callosum and extends toward the
retrosplenial, posterior cingulate and medial parietal cortices (Epstein 2008). Neuroimaging
studies have reported increased RSC activation during tasks that required mental imagery of
scenes, mental navigation through the environment or passive viewing of scene images (Ino et al.
2002, O'Craven and Kanwisher 2000). It also exhibits stronger responses to familiar than
unfamiliar locations (Sugiura et al. 2005). In a study where participants navigated through a
virtual-reality of the center of London, the activity of the RSC was increased during the
processing of topographical information for rout planning and during the acquisition of new
information about the topography (Spiers and Maguire 2006). Clinical studies have demonstrated
that patients with an RSC lesion retained the ability to recognize the landmarks of familiar
neighbourhoods, however, they experienced difficulties in spatial orientation within these
locations and were unable to learn new routes (Ino et al. 2007, Maguire 2001, Vann et al. 2009).
The RSC is suggested to mediate the translation of information between self-centred (egocentric)
and world-centred (allocentric) representations enabling to navigate in the environment (Burgess
2008, Epstein and Vass 2014, Iaria et al. 2007).
2.3 Working memory
Working memory (WM) is a cognitive process that is described as the ability to maintain and
manipulate pieces of information for a brief period of time (Baddeley 2003). The WM has a
limited capacity and it is considered as a core cognitive function that underlies goal-directed
behaviour. Originally, the term “working memory” was coined by Miller and colleagues (1960)
and was described as the facility for storing the plans and routines required for daily functioning
(Miller G. A. et al. 1960). Later, in 1974, Baddeley and Hitch elaborated the multicomponent
model of WM that, unlike the short-term memory, required the manipulation of stored
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information to carry out cognitive work (Baddeley 2000b, Baddeley and Hitch 1974). Their WM
model consists of three principal parts: the phonological loop, visuospatial sketchpad and central
executive. The phonological loop stores the information about the speech and this process can be
facilitated by the rehearsal via the process of verbal or subvocal articulation (Tam et al. 2010).
The visuospatial sketchpad is responsible for the maintenance of visual and spatial features.
Finally, the central executive is defined a control component that redistributes attentional
resources for the information to be dealt with and coordinates the flow of information between
other components of the system. Later, the model was extended with an introduction of an
episodic buffer, which is a temporary store with limited capacity. This component is responsible
for binding verbal and visual information and for interaction between the WM system with longterm memory (Baddeley 2000a). Although the multicomponent model is widely cited in the
scientific literature (Cowan 2014), the organization of WM is still debated inspiring
psychologists and neuroscientists to come up with new model proposals (Cowan 2014, Eriksson
et al. 2015).
The WM performance is commonly evaluated using the n-back tasks in which the difficulty
level can be parametrically manipulated by changing the WM load (n = 1, 2,…). In an
experiment applying n-back tasks, a participant is presented with a set of stimuli and instructed
to judge whether the currently presented stimulus matches the stimulus that was presented n
trials before (Owen et al. 2005). The n-back tasks can be composed of stimuli related to visual,
auditory, olfactory or tactile sensory modalities allowing the investigation of WM in different
sensory systems. The process of WM incorporates several stages such as encoding, maintenance
and retrieval of information (D'Esposito and Postle 2015, Gazzaley and Nobre 2012). The
performance of WM tasks requires the contribution of several executive functions: monitoring
the identity or location of presented items, updating of information by selecting novel relevant
information and removing no longer relevant items, and manipulation of remembered
information.
Brain imaging studies have consistently detected a set of frontal and parietal regions that
demonstrated significant responses during the performance of WM tasks (Hill et al. 2014,
Rottschy et al. 2012, Yaple et al. 2019). It has been also shown that an increase of WM task load
and complexity is related to an increase in prefrontal activation (Cairo et al. 2004, Kirschen et al.
2005). During the stages of encoding and maintenance, the LPFC sends top-down modulation
signals to the parietal and temporo-occipital cortices where the retained information is
temporarily represented, providing control of activity in the posterior regions (Lee T. G. and
D'Esposito 2012, Riggall and Postle 2012, Scolari et al. 2015). Moreover, different subregions of
the PFC demonstrate specificity for the type of WM content, such that the dlPFC is more
involved in the processing of spatial information, whereas the vlPFC is strongly activated during
non-spatial, e.g. verbal WM tasks (Nee et al. 2013, Owen et al. 2005). Evidence of the
involvement of the PFC in WM processing has also been obtained from studies where the dlPFC
was non-invasively stimulated with transcranial magnetic or direct current stimulation which
resulted in an improvement of WM performance (Brunoni and Vanderhasselt 2014). Activation
of posterior cortical regions during WM, e.g. the visual association cortical areas, depends on the
information type that is processed during WM maintenance. Thus, the presentation of different
stimulus categories such as faces and scenes during visual WM tasks activates the corresponding
category-specific regions of the extrastriate cortex, such as FFA or PPA, respectively (Ranganath
et al. 2004).
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Developmental studies indicate that the performance of visuospatial WM tasks improves
through childhood and plateaus in late adolescence (Isbell et al. 2015, Ullman et al. 2014). It was
observed that the WM capacity correlates positively with activation in intraparietal cortex and
dlPFC (Olesen et al. 2007). Longitudinal studies have shown that an increase of activation in the
frontal and parietal regions is associated with an improvement of WM over development (Darki
and Klingberg 2015, Tamnes et al. 2013). Overall, WM plays an important role in learning
(Cowan 2014) and language comprehension (Daneman and Merikle 1996) and deficits in WM
can worsen academic achievement.
2.4 Large-scale brain networks
Distinct regions of the brain do not work in isolation. Instead, they maintain the cognitive
processing by integrating information through structural and functional connections. In 1995,
Biswal and colleagues discovered a functional relationship between the activation of the left and
right motor cortices that was recorded during rest, suggesting an intrinsic nature for this
correlated activity (Biswal et al. 1995). Further studies on whole-brain activity recorded during
rest have revealed that the brain is not “silent” and exhibits synchrony in spontaneous
fluctuations between cortical and subcortical regions (Damoiseaux et al. 2006, Fox and Raichle
2007, Fox et al. 2005, van den Heuvel et al. 2008). These investigations have systematically
demonstrated that regions with correlated activity establish specialized functional systems within
the brain also known as resting state networks (RSNs).
The functional connectivity (FC) of RSNs is constrained by a set of structural connections
between distinct brain regions (Hermundstad et al. 2013, Maier-Hein et al. 2017, van den Heuvel
et al. 2009). However, some regions exhibit FC in the absence of direct anatomical connections,
e.g. the hippocampus and subregions of the dorsal medial PFC (Greicius et al. 2009). Therefore,
FC can be observed between regions that have either direct monosynaptic or indirect
polysynaptic connections. Some of the RSNs are specialized for the processing of auditory,
visual or sensorimotor information, whereas others are involved in more complex
cognitive functions. In the literature, the naming of the RSNs varies as well as the number
of described networks that depends on the parcellation method. The high-order RSNs include
the default mode (DMN), salience (SN), fronto-parietal (FPN) and dorsal attention (DAN)
networks. One of the most extensively investigated RSNs in neuroimaging studies is DMN.
It is composed of several regions including medial PFC, precuneus/posterior cingulate and
lateral parietal cortices and the hippocampal formation (Andrews-Hanna et al. 2010,
Buckner et al. 2008). Previous studies robustly showed that the regions of the DMN exhibit high
metabolic activity during rest, and undergo significant deactivation relative to the baseline level
when attention is required for goal-directed tasks (Fox et al. 2005, Raichle et al. 2001). The
resting state-related activity that is attenuated during task performance has been related to selfreferential cognitive processes such as mind-wandering (Christoff et al. 2009) and imagining of
the future (Addis et al. 2007, Andrews-Hanna et al. 2010). More recent findings, however, have
demonstrated an increase in DMN activation during the transition from resting state to task,
suggesting its involvement also in externally-driven processes (Crittenden et al. 2015, Smith V.
et al. 2018). In addition, the nodes of the DMN have demonstrated increased inhibition of
activity with an increase of task-related cognitive load (Arsalidou et al. 2013), whereas the
strength of FC among the DMN regions exhibited a positive correlation with the cognitive
performance (Prakash et al. 2012, Sambataro et al. 2010).
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2.5 Prenatal brain development, preterm birth and its impact on brain structure and
function
During the third trimester of pregnancy, the fetal brain undergoes dramatic developmental
changes. The brain surface changes through the formation of sulci and gyri (Huisman et al.
2002), cerebral volume nearly doubles in size (Andescavage et al. 2017, Orasanu et al. 2014) and
the cortical thickness increases (Huttenlocher and Dabholkar 1997). The neurons start to wire
with each other establishing structural circuits which enable functional communication between
local and remote regions (Stiles and Jernigan 2010). The process of synaptogenesis accelerates
and, depending on the brain area, reaches its peak between 1-3 years of age. Thereafter, the
number of synapses diminishes gradually to mid-adolescence via the process of synaptic
elimination (Huttenlocher and Dabholkar 1997). Significant developmental changes are also
manifested in the white matter that is largely composed of neuronal axons. Axonal membranes
get wrapped with myelin sheaths produced by oligodendrocyte glial cells, which enhances the
signal transmission between the neurons (Tau and Peterson 2010). Myelination expands through
the first years after birth and continues through childhood well into adulthood accompanied by
the maturation of cognitive functions (Williamson and Lyons 2018). Altogether, the structural
and functional development of the brain that takes place during the third trimester of gestation
involves exquisite and complex processes and multiple cellular mechanisms shaping the
neuronal circuitries.
The process of neural wiring, however, is extremely sensitive to multiple factors including
nutrition, medication and environmental changes. One such adverse factor is preterm birth (birth
< 37 gestational week) which results in an earlier exposure of the brain to the external
environment. As a result, a vast variety of stimuli exerts a sensory load on the neuronal systems
that are not fully established at this developmental stage for the processing of the external
information. Hence, the ongoing process of brain development is affected by the environmental
input which alters the neuronal signaling and causes changes in communications among brain
regions (Batalle et al. 2017, Bouyssi-Kobar et al. 2019). Moreover, the preterm birth is often
complicated with neonatal brain injury caused, e.g. by brain hemorrhage (Lekic et al. 2015),
hypoxia and ischemia (Gopagondanahalli et al. 2016, Logitharajah et al. 2009). Reduced cortical
volumes have been reported in preterm-born infants with brain injuries (Volpe 2009), but also in
preterm infants who have no brain lesions (Bouyssi-Kobar et al. 2016, Padilla et al. 2015).
Another detrimental effect of preterm birth on brain structures is related to hypoxia and
inflammation causing a loss of oligodendrocytes and disrupting the myelin formation of
structural connections. The negative effects of preterm birth on neuronal processes are reflected
in a wide range of domains including the motor, sensory, and cognitive functions as well as
behaviour (Arpi and Ferrari 2013, Goyen et al. 2011, Hirvonen et al. 2018, Stalnacke et al. 2019)
Babies born before the 37th gestational week are defined as preterm. Depending on the length
of the pregnancy, preterm birth is categorized further in the following way: extremely preterm (<
28 weeks of gestation), very preterm (28 to < 32 weeks of gestation), moderately preterm (32 to
< 34 weeks of gestation) and late preterm birth (34 to < 37 weeks of gestation) (Howson et al.
2012). Extremely preterm-born individuals have a high risk of lifelong neurological and
cognitive impairments (Glass et al. 2015, Volpe 2009) that can affect their social abilities and
quality of life. For the past decades, an improvement in neonatal intensive care technologies and
medication has increased the survival rate of extremely preterm-born (EPB) infants (Ochiai et al.
2014, Stoll et al. 2015). However, these children still experience a broad range of cognitive
deficits particularly involving executive functions (Burnett et al. 2013), attention (Anderson et al.
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2011), and WM processing (Nosarti and Froudist-Walsh 2016). For EPB children, the cognitive
problems often become apparent at school age as they may experience learning difficulties and
demonstrate poor academic achievement (Johnson S. et al. 2011).
Studies on brain structural connections in preterm-born subjects have demonstrated diffuse
white matter microstructure alterations that persist through childhood into adolescence and
young adulthood (Constable et al. 2008, Eikenes et al. 2011, Li et al. 2015). These studies of
abnormal anatomical connectivity were complemented by findings in functional brain network
organization suggesting aberrant FC in preterm-born subjects observed in infancy (Smyser et al.
2016) and adulthood (Bäuml et al. 2015, Finke et al. 2015). Specifically, altered FC was reported
within and between the regions of networks that are involved in the processing of language
(Kwon et al. 2016). Therefore, both structural and functional changes in the brain neural
networks of the prematurely born individuals may lead to deviations from normative
development resulting in cognitive impairments.
2.6 Methodology
2.6.1 Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a non-invasive technique which produces detailed
information about the internal structure of the imaged body parts. The physical principles of the
MRI originated from experiments conducted by Felix Bloch and Edward Purcell who
independently discovered in 1946 the phenomenon of nuclear magnetic resonance (NMR) in
solid materials (Bloch et al. 1946, Purcell et al. 1946). In 1971, Raymond Damadian proposed
that the NMR method can be used to detect cancerous tumours and suggested its potential
applications in clinical practice (Damadian 1971). Later in 1970s, significant improvements to
image acquisition made by Paul Lauterbur (Lauterbur 1973) and Peter Mansfield (Mansfield
1977, Mansfield and Maudsley 1976) facilitated the clinical use of NMR imaging. During the
1980s, new scanners with advanced hardware became available and caused significant growth of
NMR imaging. Since the NMR does not utilize ionizing radiation, the word “nuclear” that
evoked ambiguous interpretation, was dropped and the technique gained its new name magnetic resonance imaging (MRI) (Huettel et al. 2009, p. 21). Nowadays, the MRI is widely
used in clinical practice as a diagnostic tool that provides detailed information about the anatomy
reflecting distinct tissue properties.
The modern MRI scanner comprises three major hardware components that contribute to the
generation of the MR image: a superconducting magnet with a static magnetic field, a
radiofrequency coil that induces an oscillating electromagnetic field and collects the MR signal,
and the gradient coils that alter the magnetic field across space in a controlled manner. The MRI
technique obtains the volumetric image of the brain by utilizing the presence of high water
content within the tissues. The water molecules contain hydrogen (protium), which is one of the
most abundant elements in the body and whose atoms contain only a single proton in the nuclei.
Importantly, hydrogen protons possess an intrinsic quantum property called spin that can be used
for MR signal generation (Huettel et al. 2009, p. 59). When placed in an external static magnetic
field, the spins reach equilibrium in two ways: they align either in the direction parallel to the
magnetic field (parallel state) or anti-parallel to the magnetic field (anti-parallel state). The
protons that are in the parallel state occupy a low-energy level and slightly exceed the number of
protons in the anti-parallel state which occupy a high-energy level. An excess of protons at the
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low-energy level produces a net magnetization – the basis for MR signal formation (Huettel et al.
2009, p. 63). If the magnetization vector is tipped away from the alignment with the magnetic
field, the spins of the protons will precess in the transverse plane at a frequency proportional to
the external magnetic field strength (Plewes and Kucharczyk 2012). When a radiofrequency
pulse is applied at the same frequency as the rate of the precession, the protons at the low-energy
level absorb extra energy and switch into the high-energy level through a process called
“excitation”. Over a brief period of time, the protons return to the low-energy state and release
energy in the form of a radiofrequency signal. The emitted energy is detected by a receiver coil
and produces an MR signal that undergoes changes over time due to the recovery of the
longitudinal magnetization and decay of the transverse magnetization. Such changes of the MR
signal in time are called relaxation and are described by two time constants – T1 (longitudinal
relaxation) and T2 (transverse relaxation). Distinct types of body tissues have different relaxation
times that produce MR images with various intensities capturing the structural composition of
the imaged body part (Huettel et al. 2009, p. 66). Therefore, both T1 and T2 relaxations can be
used to generate contrast between the tissues. On a T1-weighted image of the brain, the grey
matter appears darker than the white matter (Figure 2A), whereas for a T2-weighted image the
contrast between the tissues is opposite (Figure 2B). The pulse sequences of an MRI scanner can
be adjusted to collect images which are sensitive either to T1 or T2 relaxation times (T1- and T2weighted images). While the high resolution T1-weighted image is commonly used to inspect the
gross anatomy of the brain, the T2-weighted image is more sensitive to fluids and is useful for
the localization and detection of pathologies or inflammation, e.g. in white matter structures
(Braga et al. 2012, Wattjes et al. 2015).
2.6.2 Functional magnetic resonance imaging
The MR images are widely used in medical practice for diagnostics and assessment of brain
structure. These images, however, only show the composition of tissues and are unable to track
changes in brain activity. In 1990, Seiji Ogawa discovered the blood-oxygen-level-dependent
(BOLD) contrast that associated with the metabolic demand underlying the neuronal activity
(Ogawa et al. 1990, Ogawa et al. 1993). The BOLD contrast relies on the distinction between the
magnetic properties of oxygenated and deoxygenated blood. The deoxygenated blood is
paramagnetic and disrupts the local magnetic field more than the diamagnetic oxygenated blood
(Pauling and Coryell 1936). Unlike the standard MRI, the functional MRI (fMRI) utilizes the
T2*-weighted contrast which is sensitive to the magnetic inhomogeneities induced by the
deoxygenated blood which contribute to the BOLD signal changes (Figure 2C) (Boxerman et al.
1995). The first human fMRI study used injections of a contrast agent to enhance the image
contrast during the investigation of visual cortex activity while the participants received photic
visual stimulation or were in the darkness (Belliveau et al. 1991). The contrast agent interfered
strongly with the magnetic field resulting in a transient MR signal decrease in the visual cortex
due to a local increase in the blood volume in the activated regions associated with the visual
stimulation. A year later, Kwong and colleagues utilized the BOLD contrast for the first time to
explore the visual cortex activation during visual stimulation using alternating periods of photic
stimulation and darkness (Kwong et al. 1992). Their results revealed a sustained stimulationrelated increase of activity in the occipital lobe which reduced to the baseline level during the
blocks of darkness. This work showed the usefulness of the BOLD contrast method in studies of
the brain function using fMRI.
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The functioning of the neurons is maintained by a constant supply of glucose and oxygen.
During increased brain activity, the neuronal demands for the energy supply also increase. The
neural system reacts by initiating a set of changes in the level of oxygenation, local blood flow
and blood volume (Gore 2003) which contribute to the MR signal and can be described by a
hemodynamic response function (HRF) (Figure 3). After the onset of neuronal activity, the
relative amount of deoxygenated blood in the activated brain region first increases due to the
initial extraction of oxygen that in turn results in a drop of the MR signal intensity. Following
this, a chain of metabolic processes evokes an increase of local blood flow and local blood
volume to the activated region. The amount of oxygenated blood increases and, since it interferes
less with the external magnetic field, the MR signal intensity enhances. The ratio between the
oxygenated and deoxygenated blood underlies the signal produced by the fMRI technique
allowing the localization of changes in brain activity with high spatial precision. The fMRI,
however, is an indirect measure of brain activity due to the much slower temporal dynamics of
the BOLD signal compared with the neuronal activity (Ekstrom 2010, Havlicek et al. 2017).
Faster sequences such as magnetic resonance encephalography (Zahneisen et al. 2011) have been
designed to collected the 3D images with a temporal resolution of 100 ms. The most advanced,
ultrahigh-field (≥ 7 T) fMRI scanners have a submillimeter spatial resolution allowing the
mapping of activity in tiny portions of neuronal tissue such as cortical layers and columns
(Goense et al. 2016, Kashyap et al. 2018).
Since the fMRI does not require the injection of contrast agents and it poses no risk of
ionizing radiation, this method has become a dominant neuroimaging technique and has almost
replaced the positron emission tomography (PET) that measures cerebral blood flow (CBF) in
functional studies of the brain with behavioural tasks (Buxton 2013). The PET and single-photon
emission computed tomography (SPECT) imaging of the CBF require the administration of a
radioactive isotope (tracer) to the participant in order to explore the cerebral metabolic activity.
The injected radioactive tracer travelling through the blood stream starts to decay and emit
gamma rays which can be detected by a gamma camera that scans the body part that is being
imaged at different angles and creates a 3D image of the isotope distribution. While the quality
of SPECT images is lower compared to the PET images, it does not require the cyclotrons
enabling cheaper scanning sessions. The main advantages of these brain imaging techniques,
compared to the fMRI, are their higher sensitivity in detecting the metabolic activity and
physiological changes within the brain. Metabolic markers of the CBF produced by the PET are
especially informative in clinical conditions such as stroke, hemorrhage and in the early phase of
traumatic brain injury. On the other hand, both PET and SPECT have poorer temporal and
spatial resolution than fMRI and they rely on ionising radiation, impeding the scanning of the
same participant during multiple sessions (Volkow et al. 1997).
In fMRI, the echo-planar imaging (EPI) sequence of pulses enables to acquire a whole 3D
brain image within the order of seconds (Cohen and Schmitt 2012, Cohen and Weisskoff 1991).
In an EPI sequence, a brief radiofrequency excitation pulse is followed by a sequence of gradient
pulses that switch rapidly in order to readout the MR signal before the next excitation pulse is
given. An average fMRI scanning session collects more than a hundred 3D images that capture
changes of brain activity during sensory, motor or mental processes.
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B)
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Figure 2. The MR images sensitive to (A) T1-weighted (B) T2-weighted and (C) T2*-weighted
contrasts. The slices were obtained from the publicly available database
https://openneuro.org/datasets/ds002320/versions/1.1.0 (Meyer et al. 2019).

Figure 3. The hemodynamic response function (HRF) and the associated intensity of
magnetic resonance (MR) image. After the onset of stimulus, the HRF amplitude first
decreases around 2 s (initial dip), then reaches its maximum at 5-7 s (peak) and again decreases
reaching the baseline level around 20-25 s (undershoot). Each phase of the HRF contributes to
the MR signal. s = seconds.
2.6.3 Experimental design and fMRI data analysis
After an fMRI experiment, a set of 3D functional images is available for further analysis
aiming at detecting specific brain regions that responded during sensory stimuli and cognitive
processes. The task-based fMRI experiment commonly utilizes at least two conditions – an
experimental and a control condition – which manipulate the cognitive state of the participant in
an alternating way (Glover 2011). Using this paradigm, the brain regions that respond to the
experimental manipulation are identified by comparing the signal from the experimental
condition with that from the control condition. Commonly, the experimental design also includes
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an additional baseline condition when no task is performed which allows to isolate the activity
associated with separate task conditions.
The experimental trials or stimuli can be presented using a block, event-related or mixed
design. In a block design, the trials of a certain task type are grouped together into “blocks” of
equal duration that typically last for tens of seconds. As an example, the design may incorporate
20 s blocks of visual stimuli representing images of places or images of objects. In alternating
blocks, the instruction is either to attend to the places or to attend to the objects, and press a
button whenever an image was the same as the previous one. Following this, the brain regions
that responded more to the places are detected by extracting the signals from the two block types
and comparing them using statistical tests. Generally, the block design provides good power in
detecting brain activity, however, this design is unable to estimate the contribution of each
individual stimulus into the brain responses (Huettel et al. 2009, p. 311). The BOLD signal
largely follows the linear time invariant property suggesting a linear summation of responses to
the stimuli that were given in a brief succession (Poldrack et al. 2011, p. 72). Thus, the response
pattern of the brain to a block of stimuli represents a curve that rapidly rises at the beginning,
then reaches a plateau and remains at that level until the end of the block, whereafter it returns to
the baseline. In contrast, an event-related design presents discrete stimuli of different conditions
in a random order with an interstimulus interval (ITI) ranging from 2 s (rapid design) to 12 s
(slow design) (Goebel 2015, p. 314). This type of randomized stimulus spacing allows the
estimation of response profiles to individual transient neuronal events. Although, the eventrelated design has lower power to detect significantly activated brain regions, it provides more
flexibility for the analysis that can be performed on the same experimental data (Huettel et al.
2009, p. 324). Finally, a mixed design utilizes a combination of block and event-related designs
and has blocks which contain a mixture of different stimulus types. Such a design allows to
investigate transient brain changes evoked by individual stimuli as well as to compare the
sustained activity induced by the different blocks (Huettel et al. 2009, pp. 325-326).
An fMRI image is composed of thousands of small three-dimensional resolution elements
called voxels each of which carries specific information about the BOLD signal changes evoked
by experimental manipulations during scanning session. The amplitude of the task-induced
signal change is relatively small being on the order of 1-5 % from baseline activity level (Goebel
2015, p. 312). The identification of such subtle changes in the BOLD signal amplitude is
commonly complicated by different sources of noise which affect the fMRI data. Therefore, to
find a set of voxels which are sensitive to the experimental manipulations, statistical analyses of
the voxel time series are used. Such analyses are commonly implemented using the general
linear model (GLM) approach (Friston et al. 1995, Poline and Brett 2012). This statistical
framework treats the data on the voxelwise basis such that each voxel undergoes independent
processing. In GLM analysis, it is assumed that the recorded time series can be represented by a
sum of weighted independent variables, or regressors, and an error term. The weighting
coefficients are unknown, and they have to be estimated during the process of statistical linear
regression. The regressors of interest correspond to different experimental conditions which are
considered to influence the observed voxel time series in a predictive manner. To minimize the
error term, the model usually incorporates multiple parameters that can confound the
observation. Such predictors of no interest include head-motion, signal drift and physiological
noise related to respiration and cardiac activity. All the modeled regressors are fit to the time
series producing the parameter estimate which defines the relative contribution of each regressor
to the observed signal. The GLM analysis aims to find an optimal set of parameter estimates that
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minimizes the error between the observed signal and the fitted model of regressors. Due to its
flexibility and numerous available statistical tests, the GLM approach has become dominant in
the analysis of time series using fMRI.
Along with the fMRI experiments that use tasks and external stimulation, there is another type
of experimental set up, the resting state fMRI, where no task is performed. In such experiments,
the subject is asked to lie still in the scanner and stay awake while the scanner is obtaining the
information about the spontaneous intrinsic activity of the brain. The recorded changes in
intrinsic activity can be further used to explore the functional coupling between distinct brain
regions and to study the RSNs that reflect the functional architecture of the brain. To explore the
networks’ organization, a broad variety of methods is used including the correlation analyses of
time series, data-driven methods such as the independent component analysis that are used to
obtain the RSNs, graph-theoretical approaches that investigate the topological properties of the
networks, etc. Resting state fMRI has become a very popular technique in functional
neuroimaging and it remains a promising tool in investigating normative and pathological states
of the brain (Lee M. H. et al. 2013).
To sum up, together with the fMRI technique, a great variety of analysis tools are used
allowing the investigation of the whole-brain activation maps, spontaneous low-frequency
oscillations underlying the intrinsic brain networks, decoding of information from specific
regions using the activation patterns, etc.
2.6.4 Diffusion tensor imaging
Diffusion tensor imaging (DTI) is an MR technique that captures the motion of water
molecules within biological tissues to produce information about an underlying structure of
anatomical connections between brain regions. The physical principles of Brownian motion were
described quantitatively in a work of Einstein (Einstein 1905), where the average diffusion
displacement of particles was expressed as a function of diffusion time and diffusion constant
associated with thermal motion. When the environment is unrestricted by barriers, the water
molecules move randomly in all possible directions due to the Brownian motion which
corresponds to thermal fluctuation. In the absence of preferred motion direction and barriers, the
molecules will move evenly in all possible directions over elapsed time. This type of molecular
movement is called isotropic diffusion and it can be observed in the ventricles of the brain which
are filled with cerebrospinal fluid where the motion of molecules is unrestricted (Basser et al.
1994). In biological tissues, however, various barriers and obstacles such as cellular membranes
and organelles hinder the free motion of water molecules forcing them to diffuse in a certain
direction (Le Bihan 2013). Such type of diffusion is called anisotropic. In the white matter tissue
that is mainly composed of axons, the water diffuses more easily along the axonal length than in
the direction perpendicular to the axonal wall due to the coherent organization of fibers and the
presence of myelin sheaths (Beaulieu 2002). Thus, the composition of white matter tracts could
be inferred by the measurements of water diffusion taken across different spatial directions. For
this reason, MRI can be used to construct a contrast image which is sensitive to the extent of
anisotropy in various biological tissues.
In DTI, an MRI scanner commonly utilizes the spin-echo EPI sequence and the diffusionsensitizing gradient pulses that are given before and after the rephasing radiofrequency pulse
which generates the MR echo signal. The gradient pulses alter the signal strength along a
specified direction in order to produce a diffusion weighted image (DWI) of the biological tissue
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capturing the diffusion-related changes in image intensity (Mori and Zhang 2006). Application
of the first gradient pulse along one direction induces variability into phases of signal across
space. After a brief delay, a second gradient pulse is applied in opposite direction aiming to
recover the phase at every spatial location. The signal is perfectly restored for the locations
where the molecules didn’t move between the pulses. However, if the molecules underwent
translational motion along specific directions before the introduction of a second pulse, the phase
refocusing fails and will result in signal attenuation at these locations. The strength of the
gradient pulses and the timing between them can be adjusted to control the amount of diffusion
weighting and associated intensity of DWI.
The exploration of white matter fiber organization requires the collection of at least six DWIs
obtained across different non-collinear spatial orientations (Papadakis et al. 1999). These
measurements then fit into diffusion tensor model (Basser et al. 1994) which describes the shape
of the 3D ellipsoid whose major axis shows the principle diffusion direction. For each voxel of
the image, the 3D ellipsoid is reconstructed from a set of DWIs, providing the information about
the fiber orientation reflected by the predominant diffusion direction. Thus, after the calculation
of the tensor, the diffusion tensor image is obtained. This image could be further used for the
generation of multiple convenient diffusion-based metrics such as fractional anisotropy (FA) and
mean diffusivity (MD) (Alexander et al. 2007). Figure 4 represents how the information about
diffusion is translated into the FA map. The FA reflects the extent of water diffusion anisotropy
within the tissue in every voxel of the image, while the MD map provides a voxelwise
information about the magnitude of the diffusion.
Overall, the DTI-based measures are sensitive to multiple microstructural white matter
features including the state of myelination and axonal coherence (Aung et al. 2013) and they are
widely used in studies as biomarkers of pathological states and diseases (Bledsoe et al. 2018,
Moura et al. 2019, Preziosa et al. 2019, Strain et al. 2018). In addition to quantitative
characterization of white matter regions, the DTI modality can be also used to reconstruct the
trajectories of anatomical fiber tracts and to explore the structural connectivity of the brain using
the tractography technique (Maier-Hein et al. 2017). This method produces valuable knowledge
about the anatomical connections of the brain underlying interregional signal transmission and
contributes to understanding of brain alterations related to development or neurocognitive
impairments and diseases (Griffis et al. 2019, Nestor et al. 2011, Ramanoeël et al. 2019).
A)

B)

C)

D)

Figure 4. Diffusion tensor visualization. A) Fractional anisotropy (FA) map. B) Principal
diffusion direction (red colour) overlaid on FA map. C) Principal diffusion from the genu of the
corpus callosum (magnified). The red lines show the domiant direction of water molecules
diffusion. D) Schematic representation of axonal orientation (pink) within the voxel
approximated by the diffusion tensor ellipsoid. Dots and arrows (cyan) represent the
predominant diffusion direction of water molecules along the axonal length. Parts A) and B)
were modified from Study III (Tokariev et al. 2020).
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3. AIMS OF THE THESIS
The overall aim of the thesis was to study 1) the development of top-down control of visual
association areas in typically developing children, and 2) the impact of extreme prematurity on
the white matter microstructure, WM-related brain activity and FC, and cognitive performance in
school-aged children with normal global cognitive ability. The specific aims and hypotheses of
the studies are the following:
1) to investigate task-dependent modulation of activation and FC of the RSC during the
processing of naturalistic stimuli in children and young adults (Study I).
Hypothesis:
x selective attention to and memorizing of scene images engages the RSC less than the
PPA.
x top-down regulation of activity in RSC and its FC during tasks are still immature in
7–11-year-old children compared with young adults.
2) to investigate the impact of extreme prematurity on neuronal substrates supporting
visuospatial WM and on the white matter microstructure in school-aged children (Study II).
Hypothesis:
x the extremely preterm birth may affect neural wiring during critical stages of brain
development and change brain networks that support complex cognition.
x extremely preterm-born school-aged children, compared with age-matched controls,
may perform WM tasks poorer, and exhibit altered WM-related brain activity and
white matter microstructure despite an uneventful development after preterm birth.
3) to improve the quality of pediatric DTI data by presenting a protocol that utilizes advanced
data acquisition, preprocessing and analysis methods (Study III).
Hypothesis:
x combination of advanced software packages that reduce artifacts and generate
population-specific templates may improve the quality of pediatric DTI data and
enhance the validity of statistical analysis results
4) to investigate the FC dynamics between two brain states, resting state and n-back task
performance, and associations between the FC dynamics and task performance ability, in
extremely preterm-born children and age- and gender-matched controls (Study IV).
Hypothesis:
x changes in FC dynamics between the brain states are attenuated in the preterm-born
children compared with their controls.
x the ability to modulate FC between the brain states associates with the ability to
perform the tasks.
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4. METHODS
4.1 Subjects
The experimental procedures of Study I were approved by the Ethics Committee for
Pediatrics, Adolescent Medicine and Psychiatry at the Helsinki University Central Hospital. The
procedures in Studies II-IV were approved by the Ethics Committee for Gynecology and
Obstetrics, Pediatrics and Psychiatry of the Hospital District of Helsinki and Uusimaa. All
children and caregivers (Studies I-IV) and all adults (Study I) provided informed written consent
prior to participation in accordance with the Declaration of Helsinki. An overview of the subjects
who participated in each study is presented in Table 1.
Table 1. The subjects recruited in Studies I-IV and the type of collected data
Study

Subjects scanned

Subjects whose data
were included

Age in
Type of data
years,
range or M
(SD)
7 – 11
fMRI/ visual
1-back tasks
22 – 29

Study I

18 children
13 adults

16 children (11 m)
13 adults (7 m)

Study II

16 EPB
16 TB

14 EPB (8 m)
14 TB (7 m)

7.6 (0.1)
7.6 (0.1)

fMRI/
visuospatial
n-back tasks

15 EPB (8 m)
16 TB (9 m)

7.6 (0.1)
7.6 (0.2)

DTI
DTI

Study III

16 EPB
16 TB

15 EPB (8 m)*
16 TB (9 m)*

7.6 (0.1)
7.6 (0.2)

Study IV

16 EPB
16 TB

13 EPB (7 males)**
13 TB (6 males)**

7.6 (0.1)
7.6 (0.1)

fMRI/
visuospatial
n-back tasks +
resting state
M = mean; SD = standard deviation; m = males; EPB = extremely preterm-born; TB = termborn; fMRI = functional magnetic resonance imaging; DTI = diffusion tensor imaging.
* The same subjects as in Study II (DTI)
** Sampled from the subjects in Study II (fMRI)

In all studies the participants were European, of Finnish nationality, and the children attended
normal schools. In Study I, the participants were 18 healthy children and 13 young adults with no
prior neurological or psychiatric diseases. Two children were excluded from further analysis due
to excessive movement (>2 mm) during the scanning.
In Studies II-IV, the participants were from a cohort of children that was originally
recruited for a larger follow-up study (Rahkonen et al. 2013). The TB children had no known
neuropsychiatric or neurological disorders. The quite strict exclusion criteria for the EPB
children were used to recruit a group of subjects that would be as homogenous as possible and
that could participate in both fMRI and neuropsychological examinations. Altogether 16 EPB
and 16 TB subjects were scanned. One EPB subject was excluded from the DTI analyses in
Studies II and III due to excessive movement during scanning. Four subjects were excluded
from the fMRI analyses of visuospatial n-back tasks because one subject did not complete the
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fMRI session and three other subjects have excessive motion (Study II). Study IV
comprised of subjects that participated in Study II. However, one subject that did not complete
the resting state fMRI session, and one subject who moved excessively during resting state
fMRI, were excluded from further analysis resulting in 13 EPB and 13 TB children.
4.2 Cognitive tasks and stimuli
In Study I, the participants performed visual WM 1-back tasks (Vuontela et al. 2013). During
this type of cognitive task, a participant is presented with a series of visual stimuli and they are
instructed to detected weather the current stimulus matches the one that was presented one trial
before. The visual stimuli were grey-scaled images (250 x 350 pixels) of faces and natural
scenes. A database of facial images collected under the FERET program (Phillips et al. 2000),
and the AR Face Database (Martinez and Benavente 1998) was used. The face images were male
and female faces of European descent with neutral expressions. Scene images illustrating
spring/summer seasons were selected from Groningen Natural Image Database (van Hateren and
van der Schaaf 1998) and images of winter season were photographed by one of my colleagues
(V.V.). The gender/season of corresponding stimuli was kept constant within a given block. Each
image was shown only once except in match conditions in which the previous image was
presented again.
The stimuli and experimental design of Study I are presented in Figure 5. Four different types
of WM 1-back tasks were performed by the participants. Two tasks were used as functional
localizers (Epstein and Kanwisher 1998, Kanwisher et al. 1997), during which the participants
were presented with scene (S task) or face (F task) images (duration of images 300 ms, ISI 1450
ms), and they were instructed to respond with a button press whenever the scene in the S task or
face in the F task matched the previously presented image. The localizer tasks were used to
detect cortical regions of interests such as the PPA and RSC. Two other complex 1-back tasks
required suppression of a task-irrelevant stimulus during the delay period. In the rememberscene-ignore-face task (Sf task), scene images were the targets and face images the distractors
presented in between the scene images (duration of all images 300 ms, ISI 575 ms, inter-target
interval (ITI) 1450 ms). In the remember-face-ignore-scene task (Fs task), face images were the
targets and scene images the distractors. In addition, the protocol contained a rest condition,
during which no images were presented and no tasks were performed. The imaging session
consisted of three runs (duration of each run = 7 min 30 s) each of which contained two blocks of
F, S, Fs and Sf tasks and two blocks of rest (R) in a semi counterbalanced order (duration of each
block = 45 s). Each block included an instruction figure (duration = 2 s) followed by 20 trials of
task condition. Therefore, 120 trials of each task were performed resulting in 480 trials in total.
In Studies II and IV, the participants performed visuospatial n-back tasks with three load
levels (0-, 1-, and 2-back tasks). The difficulty of the task can be manipulated by increasing the
memory load parameter. This type of task requires the participant to monitor a series of stimuli
and to respond whenever the location of the current stimulus matches the location of the stimulus
that was presented n trails previously. The 0-back task does not require the manipulation of
information, whereas 1-back and 2-back tasks utilize WM processes such as monitoring,
updating and, manipulation of information (Owen et al. 2005). The stimuli were small white
squares (100 x 100 pixels, subtending a visual angle of 4°) presented randomly in eight possible
locations at an eccentricity of about 8.2º around a central visual fixation cross. The participant
was presented with stimuli (duration of stimuli 200 ms, ISI 1700 ms) and instructed to press the
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left button on the response pad with the right index finger whenever the stimulus in the 0-back
task occurred in a predetermined location (left upper corner), in the 1-back task in the same
location as the previous one, and in the 2-back task in the same location as two trials back, and
the right button with the right middle finger if it was in a different location. In addition, there
was a rest (R) condition when no stimuli were presented.
The stimuli and experimental design that was used in Studies II and IV are illustrated in
Figure 6. The participants performed three separate runs (duration of each run = 5 min 40 s) of
the visuospatial n-back tasks, each containing two blocks of 0-, 1- and 2-back tasks and a rest (R)
condition in a semi counterbalanced order (duration of each block = 42.5 s). Each block started
with the image of a visual fixation cross (duration 2200 ms) followed by an instruction figure
(duration 2200 ms) indicating the task to be performed. Then, an interval of visual fixation
(duration 5600 ms) was followed by a set of 16 trials of a given task condition. Thus, 96 trials of
each task condition were performed resulting in 288 trails in total.
For all n-back task experiments (Studies I, II and IV), a computer program (Presentation,
Neurobehavioural Systems, Inc.) was used to present the stimuli and to collected the behavioural
data (response times (RTs), number of hits, misses and false alarms). The subjects were
instructed to maintain fixation and to press the button as fast and as accurately as possible during
the task performance.

Figure 5. Design of the fMRI experiment in Study I. A) The stimuli and the design for
complex Fs and Sf tasks. The red frame around the squares emphasizes the “match” stimuli
when a response should be given by the participant with a button press. B) The order of the task
blocks was kept the same for all three runs. F = face 1-back task; Fs = remember-face-ignorescene task; S = scene 1-back task; Sf = remember-scene-ignore-face task; R = rest condition.
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Figure 6. Design of the task-related fMRI experiment in Studies II and IV. A) The stimuli
and the design for 0-, 1- and 2-back tasks. In 0-back task, the participants were instructed to
press a match-button when the stimulus appeared on the left upper corner location, in 1-back
task, when the location of the stimulus matched the location presented one trial back, and in 2back task, two trials back. The stimulus could appear in one of the eight possible locations. B)
The presentation order of the task blocks in the three experiment runs. 0 = 0-back task; 1 = 1back task; 2 = 2-back task; R = rest condition.

4.3 Acquisition of brain images
The brain images were acquired with a 3 T General Electric Signa® scanner (Milwaukee, WI,
USA) with an 8-channel head coil (Study I) and a 3 T MAGNETOM Skyra scanner (Siemens
Healthcare, Erlangen, Germany) (Studies I-IV) with a 30-channel head coil at the Advanced
Magnetic Imaging Centre of Aalto University. In Study I, the acquisition parameters of each
scanner were kept the same. A high-resolution structural image was acquired using T1-weighted
3D-MPRAGE sequence (166 axial slices, field of view (FOV) 26 cm, matrix size 256 × 256, 1.0
mm isotropic voxels). Functional images were collected during the performance of 1-back WM
tasks using a gradient-echo EPI sequence (TR 2500 ms, TE 30 ms, flip angle 75°, FOV 22 cm,
matrix size 64 × 64, in-plane resolution 3.5 × 3.5 mm). Each functional volume consisted of 43
axial slices of 3.5 mm thickness with no inter-slice gap covering the whole cerebrum and
cerebellum.
For Studies II and IV, a high-resolution T1-weighted MRI scan was acquired using a 3DMPRAGE sequence (176 sagittal slices, FOV 25.6 cm, matrix size 256 × 256, 1.0 mm isotropic
voxels). Functional images were obtained during visuospatial n-back tasks and during resting
state using a gradient-echo EPI sequence (TR 2500 ms, TE 30 ms, flip angle 75°, FOV 22 cm,
matrix size 64 x 64, in-plane resolution 3.5 x 3.5 mm). Each functional volume consisted of 45
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axial slices of 3.5 mm thickness with no inter-slice gap covering the whole cerebrum and
cerebellum. During the collection of 6-min resting state dataset (Study IV), the subjects were
instructed to lay still with their eyes closed. After the imaging session, the participants filled in a
questionnaire evaluating the difficulty level of the different task conditions using a five-point
scale (1 = very easy, 2 = easy, 3 = intermediate, 4 = difficult, 5 = very difficult). Table 2 presents
the acquisition parameters of fMRI data during the performance of tasks in Studies I, II and IV.
The DTI data for Studies II and III were acquired using a spin-echo-based single shot
EPI sequence with full k-space coverage and GRAPPA parallel acquisition option (TR 9000
ms, TE 80 ms, FOV 24 cm, matrix size 96 × 96, in-plane resolution 2.5 × 2.5 mm, slice
thickness 2.5 mm, 70 contiguous axial slices). The DTI dataset (45 volumes: 30
uniformly distributed diffusion gradient directions at b = 1000 s/mm2, 6 directions at b = 500 s/
mm2, 6 directions at b = 300 s/mm2, and 3 non-diffusion-weighted images at b = 0 s/mm2)
was collected twice with reversed phase-encoding directions (anterior-posterior and posterioranterior). For each subject, a structural T2-weighted image was collected using SPACE sequence
(176 sagittal slices, TR 3200 ms, TE 411 ms, FOV 25.6 cm, matrix size 256 × 256, 1.0 mm
isotropic voxels). The children were shown a video movie during the DTI session that lasted
approximately 25 min.
Table 2. The acquisition parameters of fMRI data collected during the performance of
tasks
Study
I
I, II, IV
Scanner
General Electric Signa®, 3.0 T Siemens MAGNETOM Skyra, 3.0 T
Head coil
8-channel
30-channel
TR, ms
2500
2500
TE, ms
30
30
Flip angle, degrees
75°
75°
FOV, cm
22
22
Matrix size
64 × 64
64 × 64
In-plane resolution, mm 3.5 × 3.5
3.5 × 3.5
Number of slices
43 axial slices
45 axial slices
TR = repetition time; TE = echo time; FOV = field of view.

4.4 Analysis of fMRI and DTI data
4.4.1 Analyses of task-related brain activity
The fMRI datasets were analysed using FSL package (FMRIB’s Software Library, Oxford,
UK). Preprocessing included brain extraction, motion correction (rigid-body transformations),
high-pass filtering (cut-off period 170 s). The images were spatially smoothed with 8-mm
FWHM Gaussian kernel (Study I) and 5-mm kernel (Studies II and IV). In Study I, the kernel
size was larger in order to minimize the inter-subject variability between adults and children and
compensate for the potential inaccuracies during the alignment to a common template. Motion
correction was performed using MCFLIRT tool (Jenkinson et al. 2002). Motion parameters
(three rigid-body translations and three rotations) for the three runs of fMRI data were examined
in each subject individually to ensure that the absolute motion did not exceed the dimensions of a
normalized voxel (2 mm). Functional datasets of each subject were registered to high-resolution
T1 MNI (Montreal Neurological Institute) template using the FLIRT tool (Jenkinson et al. 2002,
Jenkinson and Smith 2001). Several studies have shown that children from 7 years of age
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onwards can be adequately normalized with an adult-based MNI template (Burgund et al. 2002,
Kang et al. 2003). The quality of the registration was assessed visually with FSLview tools by
checking the overlap between the outline of the normalized subject and the MNI template.
Statistical maps of each participant’s functional time series data were generated via multiple
regression analyses computed for each voxel. Z (Gaussianized F) statistic images were
thresholded using clusters determined by Z > 2.3 and a Gaussian Random Field-theory (GRF)based corrected cluster significance threshold of P < 0.05 (Worsley et al. 1992). Considering an
ongoing discussion about the impact of cluster correction on false positive rate in fMRI studies
(Eklund et al. 2019, Eklund et al. 2016, Flandin and Friston 2019) a threshold of Z > 2.58
(corresponding to P < 0.005) was applied in Study II, to balance between Type I and II error
rates (Lieberman and Cunningham 2009).
In Study I, regressors were defined for each block type (S, F, Sf and Fs tasks). In Studies II
and IV the task regressors were defined for each of three tasks (0-back, 1-back, 2-back). Taskrelated regressors were convolved with the double Gamma HRF model. The rest condition
was the unmodeled baseline. The task regressors and a confound matrix to model the
effect of time points corrupted with motion on the analysis were regressed out from the
voxels’ time series. Each participant’s functional data sets were registered to their highresolution structural scans and to the MNI152 standard brain image with a 2 mm resolution.
Each subject’s three separate runs were combined in a second level analysis using FLAME
(Beckmann et al. 2003) tool with fixed effects modeling. Finally, the main effects of group, task
and group × task interaction were investigated.
4.4.2 Region of interest (ROI) selection and analysis
In Study I, the left and right RSC and PPA ROIs were defined functionally using the S > F
contrast of the whole-brain functional activation maps in each subject. The PPA was defined as
the area in the posterior parahippocampal - anterior lingual - medial fusiform cortices where
significantly activated voxels were obtained in the S > F contrast, and, accordingly, the RSC as
an area in the retrosplenial cortex - posterior cingulate - medial parietal region (Epstein 2008).
The left and right PPA and RSC ROIs were defined bilaterally in each subject as clusters of
seven contiguous voxels with the highest values that were manually drawn around the peak
voxel value. The locations of these ROIs were verified anatomically in each hemisphere using
The Harvard-Oxford Cortical Structural Atlas that is included in FSL and two other brain atlases
(Duvernoy and Bourgouin 1999, Tzourio-Mazoyer et al. 2002). The Featrquery FSL toolbox was
used to obtain the peak voxel coordinates within these anatomically and functionally defined
regions. The PPA and RSC ROIs were then drawn and consisted of a cluster of seven contiguous
voxels centered around the peak voxel in the PPA and RSC regions. The signal changes within
the ROIs were compared in each group using a two-way ANOVA with task contrast (Sf > R and
Fs > R) and hemisphere (left, right) as within subject factors.
In Study II, the regions involved in the processing of attention and WM were defined using
the combined activation maps of all task contrasts (0-back > R, 1-back > R, 2-back > R) from all
children. The analysis was focused on frontal regions (lateral and medial PFC and insula) that
have shown concordant activation during n-back tasks in a meta-analysis of child fMRI studies
using n-back tasks (Yaple and Arsalidou 2018). Two contiguous spherical ROIs (6-mm radius)
were drawn to the regions in the left dorsolateral PFC (dlPFC) and right insular/opercular cortex
(InsOper). One ROI with an 8-mm radius was drawn to the regions that covered the medial PFC
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(medPFC) bilaterally and also included voxels in the anterior cingulate cortex. The mean percent
signal change was extracted from each ROI for each condition. A repeated measures ANOVA
was applied for each ROI with the group as the between subjects factor and the load as a within
subjects factor. To test whether BOLD responsivity of these WM task-related ROIs was
associated with WM performance, the mean BOLD signal values of each ROI in each child was
correlated with incorrect responses in the 1-back and 2-back WM tasks.
4.4.3 Functional connectivity analysis using the regions of interest
The preprocessing of task-related fMRI images for FC analysis (Study I) was performed in
SPM8 toolbox (http://www.fil.ion.ucl.ac.uk/spm) and included slice-time and motion correction,
coregistration to T1-weighted high-resolution image, normalization to MNI standard template
and spatially smoothed with an 8 mm FWHM Gaussian kernel. Outliers in fMRI time series
were identified when the global signal exceeded three standard deviations or framewise measure
of total motion (a composite measure across the three translations and three rotations) exceeded a
1 mm threshold. Functional connectivity analysis was performed using CONN 13.p toolbox
(Whitfield-Gabrieli and Nieto-Castanon 2012). The experimental conditions were convolved
with HRF model. The confounding effects including motion parameters, noisy volumes
(outliers), scan-to-scan global signal and composite motion signals, signals from white matter
and cerebrospinal fluid regions and a linear trend were regressed out from fMRI time series
using an anatomical principal component-based noise-correction method (aCompCor) (Behzadi
et al. 2007). Following this, fMRI time series were high-pass filtered with a cut-off frequency of
0.006 Hz. The seed-to-voxel FC was computed individually for left and right RSC ROIs with
every voxel of the brain corresponding to grey matter using bivariate correlation and then
transformed to z’-scores. Normalized correlation values were produced by Fisher’s r-to-z’
transformation. Connectivity maps from each subject were pooled and two-sided t-tests were
performed to investigate FC within each group and to identify regions with differential FC
between healthy 7–11-year-old children and young adults. Results were thresholded with a
combination of a voxel-level uncorrected P < 0.001 and a cluster extent P < 0.05, family-wise
error (FWE)-corrected for multiple comparisons.
The ROI-to-ROI FC analysis was computed using a measure of bivariate correlation. In the
first-level analysis, a connectivity matrix of pairwise ROI correlations was obtained for each
subject. In the second-level analysis, connectivity matrices from all subjects were pooled and
two-sided t-tests were performed to investigate connectivity within each group and to identify
regions with differential connectivity between the two groups of subjects. Results were
thresholded with a P < 0.05, false discovery rate (FDR)-corrected for multiple comparisons.
4.4.4 Analysis of DTI data
The data collection protocol and the preprocessing of DTI datasets were presented in Studies
II and III. A DTI datasets preprocessing was carried out with TORTOISE 2.5.2b software
(Pierpaoli et al. 2010) and included correction for motion, eddy currents and EPI distortions. The
individual b-matrices were reoriented to preserve the orientation information. Then, the
TORTOISE DR-BUDDI (Irfanoglu et al. 2015) was used to combine the images with reversed
phase encoding directions and to correct for susceptibility induced EPI distortions. From
corrected DWI datasets, the tensors were estimated with the nonlinear RESTORE algorithm
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(Chang et al. 2005) and then spatially normalized to the population-specific DTI template using
the DTI-TK toolbox (Zhang H. et al. 2007). Following this, Tract-based Spatial Statistics (TBSS)
(Smith S. M. et al. 2006) analysis was carried out to produce diffusion-based metrics of FA, MD,
AD and RD. The group differences in the measures of white matter microstructure were
estimated using an unpaired t-test with a nonparametric permutation method with 5000
permutations. Statistical maps were thresholded at P < 0.05 using a threshold-free cluster
enhancement (TFCE) method with FWE correction for multiple comparisons.
For each group, the correlation analyses were performed between the measures of the white
matter microstructure and the neuropsychological test scores of visual attention, visual memory
and visuospatial skills. The DTI measures were also analysed for possible correlations with WM
task performance (RTs, incorrect responses). The maps of correlated voxels were thresholded at
P < 0.05 using the TFCE method with multiple comparisons correction.
4.4.5 Network-based statistics analysis
For the analysis of brain networks, the resting state and task fMRI data were preprocessed
using the SPM tools available in CONN 18b toolbox. The data underwent motion and slice-time
correction, segmentation of structural images, normalization to standard MNI space and spatial
smoothing using a 5 mm FWHM Gaussian kernel. The global BOLD signal outliers and the
scans significantly affected by motion were detected when scan-to-scan measure of global signal
exceeded z-value threshold of 5 or scan-to-scan framewise displacement measure (three
translation and three rotation parameters) exceeded 0.9 mm. The physiological noise, motion
parameters and other sources of confounding effects were regressed out from time series using
an aCompCor approach. The rest and task fMRI time series were band-pass filtered with a
frequency band of 0.01 – 0.15. Previous studies have shown that this frequency band is sensitive
to both resting state and task-based FC (Bassett et al. 2015, Sun et al. 2004).
The brain was divided into 90 cortical and subcortical brain regions using AAL (Automated
Anatomical Labeling) atlas (Tzourio-Mazoyer et al. 2002). The averaged time series from each
region were extracted for resting state data and for each of the task conditions. The bivariate
correlation between brain regions was used to construct the connectivity matrices for resting
state and for each task. The connectivity matrices of all tasks were averaged to produce a single
matrix for the task state. The analysis of network-based statistics (NBS) (Zalesky et al. 2010)
was applied to investigate the FC differences between the groups of children, between the brain
states and group × state interaction. The NBS results were thresholded at P < 0.05, using the
FWE correction for multiple comparisons. The magnitude of the FC change (ΔFC) within
significant interaction components was correlated with the measures of WM task performance
(RTs, errors) using Spearman’s correlation. The ΔFC was obtained by subtracting mean FC
during resting state from the mean FC during task performance. Significant correlations were
defined at P < 0.05, FDR-corrected.

33

5. RESULTS AND DISCUSSION
STUDY I
5.1 Performance of visual 1-back tasks in children and adults
The behavioural data were analysed using a two-way repeated measures ANOVA with task
(S, F, Sf, Fs) as a within-subjects and group (Children, Adults) as a between-subjects factor.
Both groups evaluated that the Sf task was the most difficult and the F task was the easiest one.
The children, however, evaluated all tasks as more difficult than adults (P = 0.002). Overall, the
adults performed the tasks more accurately than children. The results (Figure 7) demonstrated
that adults responded faster than children (F(1,27) = 17.04, P < 0.001, partial η2 = 0.39), had
higher hits percentage (F(1,27) = 7.17, P = 0.012, partial η2 = 0.21) and less false alarms (F(1,27) =
10.32, P = 0.003, partial η2 = 028).

Figure 7. Behavioural performance of 1-back tasks. F = face task; S = scene task; Fs =
remember-face-ignore-scene task; Sf = remember-scene-ignore-face task. The error bars show
standard error of the mean. The images were modified from Study I (Jiang et al., 2014).
5.2 Brain activations during visual 1-back tasks in children and adults
Task-related brain activation and possible group × task interactions were investigated using a
repeated measures ANOVA. The analysis showed a significant main effect of task (F(1,27) = 5.91,
P < 0.05), a group × task interaction (F(1,27) = 1.22, P < 0.05), and group differences (two sample
unpaired t-test, P < 0.05). In the Sf task, compared with the Fs task, there was more activation in
several brain areas in the frontal, parietal and temporal cortices, whereas the Fs task, compared
with the Sf task, exhibited more activation only in areas of the visual cortex. The group
comparison showed that adults activated the insular, cingulate and parietal cortices more than
children, however, the children demonstrated stronger activity in several prefrontal regions.
Three clusters of activations located in the medial prefrontal, cingulate and subcallosal cortices
demonstrated a significant group × task interaction. To explore the source of this interaction,
three spherical ROIs (medPFC, cingulate: radius 6 mm; subcallosal: radius 5 mm) were placed
around the local maximum voxel of these clusters and the mean signal level of the ROIs was
computed. Both groups showed a negative mean signal in all these ROIs during the Sf and Fs
tasks contrasted with rest (Figure 8). The present finding of signal deactivation in these ROIs
during the Sf and Fs tasks is in line with earlier studies that reported a signal decrease in
corresponding brain regions during the performance of cognitive tasks (Thomason et al. 2008,
Vuontela et al. 2009). In all ROIs, the difference in the mean signals between the Sf and Fs tasks
was significantly larger in adults, compared with children (medPFC t(27) = 3.44, P = 0.006;
cingulate t(27) = 2.64, P = 0.042; subcallosal t(27) = 2.87, P = 0.024, all p-values Bonferroni
corrected), indicating that adults had stronger task-induced modulation of activity in these brain
regions. In adults, an increase in deactivation of the prefrontal and cingulate regions during the
tasks has been related to increasing task demands and associated with successful task
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performance (Leech et al. 2011, McKiernan et al. 2003, Polli et al. 2005). The present finding of
stronger modulation of activity in several brain regions in adults, compared with children, during
the performance of the tasks suggests that adults reallocate more efficiently the processing
resources in order to successfully accomplish the cognitive tasks. Together, the results of the
whole-brain activation analyses suggest that the brain networks that maintain the processing of
visual WM tasks are still immature in 7–11-year-old children.

Figure 8. The mean signal change obtained from three brain regions exhibiting group ×
task interaction. The bar graphs indicate that the mean BOLD signal in Fs and Sf tasks
contrasted with rest (R) condition was negative in both groups. Adults, compared with children,
showed significantly larger difference in the level of signal deactivation between Sf and Fs tasks,
suggesting stronger task-related activity modulation in these regions. Fs = remember-faceignore-scene task; Sf = remember-scene-ignore-face task; medPFC = medial prefrontal cortex.
The images were modified from Study I (Jiang et al., 2014).
5.3 Modulation of activity in scene-sensitive regions in children and adults
To explore the RSC responsiveness within both age groups, a two-way ANOVA was applied
with task (Sf > R, Fs > R) and hemisphere (left, right) as within group factors. The RSC
responses were stronger in the Sf than Fs tasks in children (F(1,12) = 29.86, P = 0.0001) and adults
(F(1,11) = 72.83, P < 0.0001). In both groups, the ANOVA also showed a main effect of
hemisphere with stronger responses in the right than left RSC (children, F(1,12) = 6.79, P = 0.023;
adults, F(1,11) = 9.29, p = 0.011). The RSC responses were directly compared across the groups
using a three-way ANOVA with task (Sf, Fs) and hemisphere as within-subject factors and group
(adults, children) as a between-subject factor. The BOLD activation was stronger in the right
than left RSC (F(1,23) = 14.71, P = 0.0008) and stronger in the Sf than Fs task (F(1,23) = 59.94, P <
0.0001). The analysis also showed a significant task × group interaction (F(1,23) = 4.95, P =
0.036) indicating a larger difference between the Sf and Fs tasks responses in children than
adults (Figure 9A). This result indicates that the task-related modulation of RSC activity was
larger in children, compared with adults. One possible explanation for this result is that in
children the RSC is more involved in tasks that require attention to and memorizing of
scene information. In adults, on the other hand, lesser modulation of activity in RSC between
the Fs and Sf tasks might indicate that the RSC is not as much involved in attention and
memory processing of scene related activity as in children, and that its function can be related to
more specialized processing of complex scene-related information. This finding suggests that
the RSC is activated by scene stimuli in both age groups, and that in 7–11-year old children the
function of the RSC is still under development.
To explore the responses of the two scene-sensitive brain regions during Sf and Fs tasks, the
mean BOLD signal was extracted from the PPA and RSC and the magnitude of the signal
differences between the Sf and Fs tasks was compared between adults and children. The
modulation of activity in RSC and PPA between the tasks in both groups, was investigated with
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a four-way ANOVA analysis with ROI, task and hemisphere as within-subjects factors, and agegroup as a between-subjects factor. The results showed that in both groups the responsiveness of
the PPA was larger than that of the RSC during Sf and Fs tasks (F(1,23) =138.51, P < 0.0001).
There were also significant ROI × task (F(1,23) =14.44, P = 0.001) and ROI × task × group (F(1,23)
= 16.12, P = 0.0006) interactions. In adults, the difference in the mean BOLD signal between the
Sf and Fs tasks was larger in the PPA than RSC, whereas, in children the BOLD signal
difference was comparable between the RSC and PPA (Figure 9B). The finding that children
modulated the activity in the RSC to the same extent as in the PPA suggests that the functional
specialization of the RSC is still under development and that the maturation of both scenesensitive brain regions follow different developmental timecourses. The present result is
supported by earlier reports on functional brain development suggesting that during maturation,
functional networks of interconnected brain regions rewire and become more specialized for
processing of specific tasks and stimuli (Battista et al. 2018, Johnson M. H. 2001, 2011).
5.4 Functional connectivity between the retrosplenial complex and other areas
In order to explore the functional connections of the RSC with other brain regions, a FC
analysis was performed between the left and right RSC and all other voxels of the brain. During
the Sf and Fs tasks, both age groups showed positive connectivity of the RSC with a network of
areas in the posterior, temporal and visual association cortices. In the Sf task, both groups also
exhibited negative connectivity between the RSC and several prefrontal regions. The betweengroup comparison showed that in the Sf task children had stronger FC than adults between the
right RSC and a region in the left posterior parietal cortex which encompasses the intraparietal
sulcus (IPS) and inferior parietal lobule (IPL). This group difference in FC between the RCS and
the posterior parietal region resulted from stronger positive FC in children (t(12) = 6.11, P <
0.001), and reduced non-significant FC in adults (P = 0.074) (Figure 9C). The IPS/IPL region
has been related to a variety of cognitive processes including executive functions during WM
(Bray et al. 2015, Owen et al. 2005) and selective attention (Corbetta and Shulman 2011,
Gillebert et al. 2011, Molenberghs et al. 2007). Therefore, stronger FC in children than adults
between the attention- and WM-related brain areas and the RSC suggests that the stronger
engagement of this network provides children with extra processing resources to accomplish the
tasks.
The FC was also investigated between the scene-sensitive brain regions, the RSC and PPA, in
both age groups during the Sf and Fs tasks. In the Fs task, children compared to adults, showed
stronger interhemispheric FC between the left RSC and right PPA (t(22) = 3.09, P = 0.032), left
RSC and left PPA (t(22) = 2.66, P = 0.042) and between the right RSC and right PPA (t(22) = 2.44,
P = 0.046) (Figure 9D). No significant group differences in the FC were observed in the Sf task.
Given that children exhibited comparable task-related modulation of activity in the RSC and
PPA, the result of stronger FC in children between the scene-sensitive areas suggests that the
function of the RSC in 7–11-year-old children is less developed than in adults.
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Figure 9. ROI based analysis of RSC and PPA. A) Children exhibited larger modulation of
activity between the Sf and Fs tasks compared to adults in the bilateral RSC. The bars show
difference in BOLD signal between Sf and Fs tasks contrasted with rest. B) In children, the
difference between signals during Sf and Fs tasks was comparable in RSC and PPA, whereas in
adults, this difference was significantly lower in RSC than PPA. C) Stronger FC was observed in
children, compared with adults, between the rRSC and the region of left IPL/IPS in the Sf task.
D) The FC between scene-sensitive regions was stronger in children compare to adults in the Fs
task (t-test analysis). RSC = retrosplenial complex; PPA = parahippocampal place area; IPL =
intraparietal sulcus; IPS = inferior parietal lobule, FC = functional connectivity; Sf = rememberscene-ignore face task; l = left; r, R = right. *P < 0.05, ***P < 0.001. The images were modified
from Study I (Jiang et al., 2014).
STUDY II
5.5 Performance of visuospatial n-back tasks in extremely preterm-born and term-born
children
Subjective evaluation of task difficulty level showed that both groups of children evaluated 2back tasks as the most difficult and 0-back tasks as the easiest ones (F(2,52) = 37.66, P < 0.0001,
partial η2 = 0.59). Overall, the EPB children performed all tasks faster than TB children (F(1,26) =
4.55, P = 0.043, partial η2 = 0.15), however, they made significantly more mistakes (F(1,26) = 8.77,
P = 0.006, partial η2 = 0.25). In TB children, shorter RTs during 2-back task associated
with a larger number of incorrect responses (Spearman’s rs = 0.733, P = 0.009), which indicates
that a higher accuracy of task performance is related to slower responses during high-load
cognitive tasks in 7.5-year-old children. When the two groups of children were combined, the
correlation analysis again showed that higher accuracy was associated with slower responses
during 1-back tasks (Spearman’s rs = −0.556, P = 0.006) and 2-back (Spearman’s rs = −0.614, P =
0.003). Previous studies on typically developing children (aged 6-13 years) showed that the
accuracy of visuospatial n-back task performance increases and the RTs get shorter with age.
Interestingly, during 2-back tasks, the youngest school-aged children responded faster, though
less accurately than older children that may be due to an immature state of cognitive control
over irrelevant stimuli and responses in younger children (Vuontela et al. 2003).
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Therefore, the present result of faster and less accurate performance in EPB children suggests
that their ability to inhibit inappropriate responses during the processing of visuospatial
information is less mature compared to TB children.
5.6 Whole-brain activation in extremely preterm-born and term-born children
The whole-brain analysis of fMRI data was performed using mixed effects modeling in order
to study within-group brain responsiveness, between-group differences, and the effect of WM
load on brain activation.
During the n-back tasks, both groups of children activated a similar pattern of frontal and
parietal brain regions, however, in the EPB group, the number of activation clusters was fewer
and their size was smaller compared with the TB group. The pattern of recruited brain regions
was in accordance with the results of a recent meta-analysis on fMRI studies on children
performing n-back tasks (Yaple and Arsalidou 2018). In TB children, an increase of WM load
from 1-back to 2-back task was accompanied by an increase in brain activation in several areas
of the right PFC including the superior and middle frontal gyri (Figure 10A). These brain regions
have been linked to WM processing, especially to the maintenance and manipulation of
information (Crone et al. 2006). In EPB children, however, there was no statistically significant
load-related increase in brain activation (Figure 10A). These results may indicate that the EPB
children failed to recruit additional neuronal resources for the processing of the 2-back task, the
highest WM load in this study, whereas the TB children demonstrated an increase in brain
activation when the task complexity increased.
The group differences and the effect of WM load on brain activation were evaluated using a
two-way repeated measures ANOVA. When the WM tasks were combined together (1-back + 2back), the between-group comparison exhibited stronger activation in TB than in EPB children
in a set of prefrontal areas including the right OFC, middle frontal gyrus, insula and the frontal
pole (Figure 10B). These areas have been implicated to support cognitive control (Levy and
Wagner 2011) and WM (Barbey et al. 2011), especially during the monitoring and manipulation
of subgoals of WM tasks (Braver and Bongiolatti 2002). The present result is corroborated by
previous fMRI studies that have reported reduced brain responsivity in EPB children, compared
with normally developing controls, in the prefrontal cortical areas during WM tasks (Griffiths et
al. 2014, Griffiths et al. 2013). In these studies, however, the EPB group also demonstrated a
significant reduction of activation in several parietal regions. On the other hand, in a recent fMRI
study that used visuospatial WM tasks, the very preterm-born children exhibited larger brain
activation compared with controls, in several prefrontal regions including the superior frontal
gyrus and left middle frontal gyrus (Arthursson et al. 2017). Another study reported reduced
activation in very preterm children, compared with controls, in medial parietal and temporal
regions (Taylor M. J. et al. 2012). The differences in the results of these studies could be
partially explained by the age range of the subjects participating the experiments and by
variations in the study design and tasks that were used to probe the brain responsivity. Another
source of discrepancy that might affect the results can be attributed to the extent of prematurity
that varied among the studies from extreme to very preterm birth. Overall, in typically
developing subjects, an increase of activation in task-related brain regions with increasing load
has been related to more accurate performance of the tasks with highest complexity (Burzynska
et al. 2011, Nagel et al. 2011). Therefore, the findings of reduced activation in WM-related brain
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regions, together with the lower accuracy during tasks performance, suggests that the
visuospatial WM in EPB children is poorly developed compared with TB children.
To investigate whether the magnitude of WM-related activity correlated with n-back tasks
performance level, the mean signal change from three frontal regions of interest was extracted.
The regions were in the medPFC, left dlPFC and right InsOper. The mean BOLD signal from
these regions in each child was correlated with the number of incorrect responses in the 1-back
and 2-back tasks. The EPB children showed a significant negative correlation between the
BOLD signal and the number of incorrect responses in the 2-back task in the medPFC (r = 0.732, P = 0.024, Boneferroni correction with 6), whereas the negative correlation in the left
dlPFC did not survive Bonferroni correction. This finding in EBP children links weaker WMrelated activation with poorer 2-back task performance and corroborates the result that EPB
children were unable to increase activation when memory load was increased from 1-back to 2back task.
The EPB, compared with TB children, exhibited stronger activation in some regions of the
right temporal lobe (Figure 10B) during WM tasks (two sample unpaired t-tests, P < 0.005). To
investigate the source of this group difference, a ROI-based analysis was carried out. A single
non-spherical ROI was drawn on the right temporal lobe that covered all voxels that exhibited
group differences between the EPB and TB children, and the mean signal within this ROI during
WM (1-back and 2-back) tasks was extracted and compared between the groups. The results
demonstrated that both groups of children deactivated this area during WM tasks (Figure 10C).
The TB children, however, deactivated this region more than the EPB group, which resulted in
“stronger” activation in the EPB than TB children in the whole-brain analysis (main effect of
group: F(1,26) = 22.67, P < 0.0001, partial η2 = 0.47). The areas of this differential activation were
in the superior temporal gyrus, hippocampus, parahippocampal gyrus, temporal pole and the
fusiform gyrus. The deactivation of these brain areas during the visuospatial WM tasks indicates
that these areas were not involved in the processing of these tasks and can be defined as tasknegative areas. The downregulation of task-negative areas has been associated with improved
cognitive performance (Anticevic et al. 2012, Anticevic et al. 2010, Tomasi et al. 2006),
therefore, weaker deactivation of the right temporal lobe areas in EPB children suggests
insufficient regulation of these areas during the performance of WM tasks.
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Figure 10. The whole-brain activation during the performance of working memory tasks.
A) Direct comparison of activity between 2-back and 1-back WM tasks. Unlike the TB, the EPB
children failed to enhance brain activity in frontal and parietal regions with an increase of
cognitive load. B) EPB, compared with TB group, showed larger activation in a region of the
right temporal lobe including hippocampus, whereas the TB group exhibited larger activation in
orbitofrontal cortex, middle frontal gyrus, frontal pole and insula. C) The “stronger activation” in
the region of right temporal lobe in the EPB group was driven by weaker deactivation of this
region, compared to the TB group. The activations on selected slice planes are presented in MNI
standard space. The data were thresholded at Z > 2.58 with GRF-corrected cluster P < 0.05. TB
= term-born; EPB = extremely preterm-born. The images were modified from Study II (Tokariev
et al. 2019).

5.7 White matter microstructure in extremely preterm-born and term-born children
To evaluate the differences in white matter microstructure, a TBSS analysis was carried out.
The results showed that EPB children, compared with the TB group, had larger FA in a set of
white matter regions (Figure 11) including the bilateral corticospinal tract (CST) and association
tracts such as the superior longitudinal fasciculus (SLF) and inferior longitudinal/fronto-occipital
fasciculus (ILF/IFOF) (P < 0.05, TFCE-corrected). This finding is contradictory to some
previous studies that reported a reduction of FA values in a widespread network of white matter
regions in preterm-born subjects (Eikenes et al. 2011, Li et al. 2015). On the other hand, in
several earlier studies, the preterm-born subjects showed higher FA values compared with termborn controls (Allin et al. 2011, Feldman et al. 2012). In general, the source of the elevated FA
values is not easy to define. The FA measure reflects a combination of multiple microstructural
features such as the degree of axonal myelination, axonal diameter and packing density
(Beaulieu 2002). Thus, changes in any of these features can drive changes in FA values. In
addition, the myelination of white matter axons is also affected by the level of neural activity in
the tracts (Sampaio-Baptista and Johansen-Berg 2017). Thus, higher FA values, e.g. in the CST
and association tracts in EPB, compared with TB children, may be due to more training and extra
effort required to achieve motor and cognitive skills which may have affected the development
of the white matter tracts. In the future, longitudinal studies are required to track the anisotropy
changes in preterm-born subjects during the course of development.
The EPB group, compared with the TB children, also showed lower values of MD and RD in
a widespread network of white matter regions, and the tracts with the lower values largely
overlapped with tracts exhibiting increased FA. In addition, the EBP group also exhibited lower
AD in bilateral CST, left ILF and SLF (P < 0.05, TFCE-corrected). The AD has been associated
with the size of the axonal caliber and packing density, and the RD is selectively sensitive to the
degree of axonal myelination. Both these diffusivity measures contribute to the FA values. The
results of the diffusivity analyses suggest that the elevated FA in the EPB children is mainly
explained by decreased RD that shows the degree of myelination, and to a lesser extent by lower
AD values.
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Figure 11. Group differences in fractional anisotropy (FA). Whole-brain statistical analysis
showed higher FA values in multiple white matter tracts in EPB compared with TB children.
Significant white matter alterations in the EPB group were localized in association tracts of
superior longitudinal fasciculus (SLF), inferior fronto-occipital/inferior longitudinal fasciculus
(IFOF/ILF) and in the corticospinal tract (CST). The statistical values (red-yellow) are shown on
the mean FA skeleton (green) overlaid on the mean FA template image. The horizontal lines in
the sagittal brain slice indicate the level of the selected axial slice planes that are presented in the
frames with the corresponding colours. The red-yellow colour indicates statistically significant
group differences (P < 0.05, TFCE-corrected). EPB = extremely preterm-born; TB = term-born;
TFCE = threshold-free cluster enhancement.
5.8 Microstructure of white matter tracts and cognitive performance
The DTI-based measures of anisotropy and diffusivity were correlated with n-back task
performance and neuropsychological tests scores in order to test whether the white matter
microstructure is related to the cognitive performance.
In TB children, faster performance of 1-back and 2-back tasks was associated with higher FA
values in several tracts including the bilateral ILF/IFOF, SLF and CST. In addition, shorted RTs
in TB children during 1-back task associated with lower MD and RD values in several white
matter tracts. These results of correlation analyses are in line with previous studies on healthy
children that reported significant associations between the white matter microstructure and the
processing speed of tasks that required visual WM (Sala-Llonch et al. 2015), visuospatial
attention (Tuch et al. 2005) and processing of visuomotor information (Scantlebury et al. 2014).
No significant associations were found in EPB children between the DTI measures and RTs.
Given that the EPB children performed the tasks faster and less accurately than the TB group, the
absence of significant correlations in the EPB suggests that alterations in their white matter
microstructure do not facilitate task performance.
In TB children, lower values of MD, RD and AD in multiple white matter regions were
associated with a smaller number of errors in a test measuring visual attention. The regions of
significant associations were observed in the commissural interhemispheric bundle of corpus
callosum and in bilateral association tracts including the SLF and ILF/IFOF. These structural
connections play an important role in the transfer of information between attention-related brain
areas. Thus, in normally developing children, lower diffusivities in tracts that mediate the flow of
information result in better performance of tasks that require visual attention.
In EPB children, higher scores in visuospatial test were associated with lower FA values in
right white matter areas (VI/Crus I) of cerebellum. Earlier studies on the anatomy and function
of the cerebellum have reported that these cerebellar areas are structurally connected with
prefrontal and parietal cortices (Jissendi et al. 2008, Ramnani 2006), with regions that are
involved in attention and WM. Moreover, an improvement of cognitive functions during the
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course of development has been related to the gradual myelination and an increase of FA in
white matter tracts that connect prefrontal and parietal cortices (Nagy et al. 2004). In addition,
the results of group comparisons indicated larger FA values in EPB than TB children in multiple
white matter regions. Thus, a finding that in EPB children larger FA values of white matter
connections associated with poorer visuospatial performance may indicate that the elevated FA
is not attributable to an improvement of cognitive functions, and that the microstructure of
anatomical connections in EBP children is deviated from TB group.
STUDY III
5.9 A protocol for DTI data collection and processing
The current protocol was designed to improve the preprocessing and analyses of the DTI data
collected from young school-aged children. The protocol applies advanced preprocessing
techniques allowing for better correction of DTI-related artifacts such as eddy currents, excessive
motion and EPI distortions (Taylor P. A. et al. 2016). The generation of a template and the
normalization of individual images were improved by using the nonlinear tensor-based
registration technique (Wang et al. 2011). To test the performance of the protocol, a set of TBSS
analyses were performed. The TB control group was split into two subgroups (8 vs. 8) and the
FA values (thresholded at FA > 0.2) of the subgroups were compared using the TBSS analysis.
The results of unpaired t-test with nonparametric permutation method with 5000 permutations
showed no significant group differences (P < 0.05, TFCE-corrected), suggesting that the analysis
pipeline is not sensitive to spurious findings and does not produce unexpected group differences
(Bach et al. 2014).
The split-sample comparison of the TB subjects was also performed in order to test whether
the template selection affects the statistical results. The TBSS analysis was carried out using the
FSL registration which, unlike the tensor-based DTI-TK registration, uses scalar-based FA data.
The DTI-TK registers the subjects’ tensorial datasets to the iteratively refined population
template, whereas the FSL uses non-linear transformation for the registration of the FA images
to the most representative subject’s image. The results of the group comparisons using the FSLbased registration method showed no statistically significant differences between the subsamples
(P < 0.05, TFCE-corrected), which was in accord with the DTI-TK registration results.
The protocol that is presented in Study III was used in Study II that found significant
correlations between RTs and the FA of the white matter tracts in the control children. In order
to evaluate the effect of the template selection on the correlation results, the TBSS correlation
analyses were performed using the FSL and DTI-TK registration methods. In both cases, there
was a significant correlation between the RTs and the FA values of the white matter tracts in the
corpus callosum, CST, and the SLF (P < 0.05, TFCE-corrected). A comparison between the
registration algorithms, however, identified a major difference in the obtained voxelwise
analyses. In contrast to the scalar-based FSL registration, the statistical results after the DTI-TK
algorithm produced no significant associations between the FA of the cerebellar white matter and
the RTs. The source of the discrepant results can be related to inaccurate registration of scalar
maps in FSL that can result in false positive findings (Keihaninejad et al. 2012). Another
possible explanation is that the FSL algorithm uses the most representative FA image of the
studied population, whereas the DTI-TK calculates the template using the tensor data of all
subjects, thus improving the registration to the template (Wang et al. 2017).
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STUDY IV
5.10 Functional connectivity changes between brain states and between extremely pretermborn and term-born children
Study IV investigated networks’ FC changes in 7.5-year-old children between two
brain states, resting state and task performance, and examined whether an extremely
preterm birth might have affected this ability. The large-scale brain networks were defined
using the scheme presented by Liu and colleagues (Liu Y. et al. 2018). The brain
regions were labeled according to their belonging into one of five bilateral brain
networks including the default mode (DMN), fronto-parietal (FPN), sensorimotor
(SMN), visual (VN) and paralimbic-subcortical (SUB) networks. The NBS analysis
was used to investigate the differences in the networks’ FC between the brain states
(resting state and n-back task performance), and between the two groups of children,
and to explore brain state × group interactions.
The analysis showed changes in FC between the brain states in the EPB and TB children.
Across the children, FC during task performance was stronger than during resting state within
the DMN and SMN as well as between the regions of the DMN and FPN (P = 0.003, FWEcorrected) (Figure 12). The changes were most apparent in the long-range connections linking
regions of the VN and FPN with those of the DMN, as well as in connections between the frontal
and posterior regions of the DMN. The SMN also showed significantly larger interhemispheric
FC during task performance. Overall, task-induced FC changes were localized in the networks
that are involved in WM maintenance and have been implicated in visual and motor processing
and in higher cognitive functions (Owen et al. 2005, Vatansever et al. 2017, Yang 2015). On the
other hand, FC during resting state, compared with that during task performance, was
characterized by stronger connectivity between the regions of the DMN, SMN and the SUB
networks (P = 0.031, FWE-corrected) (Figure 12). The FC differences between the brain states
presented in Study IV are in line with earlier findings in adults and children suggesting an
important role for regions of the DMN in promoting communication between networks during
resting state, and reduced involvement of the DMN during task performance (DeSalvo et al.
2014, Jiang et al. 2018). Moreover, the finding of stronger connectivity during task performance
between the regions of the DMN and FPN in 7.5-year-old children is also in accordance with
previous results suggesting that the performance of cognitive tasks involves interactions between
networks (Fransson et al. 2018, Vatansever et al. 2017) that facilitate the performance (Spreng et
al. 2010).
The study found significant group differences in the FC across the brain states (resting state
and task performance data combined). The EPB group, compared with the TB children,
demonstrated stronger FC that was largely found in the between-network connections. Some of
the connections that were stronger in the EPB than TB children were within the SMN, DMN and
FPN. The group differences also included functional connections that were stronger in the TB
than EPB group and the most remarkable of these was the stronger FC between the regions of the
VN. The finding related to an earlier study on preterm-born adults suggesting that the VN has a
role in a short-term memory, and that changes in the FC of this network might compensate for
impaired visual memory capacity (Finke et al. 2015).
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Figure 12. Differences in functional network connectivity between brain states. Task
performance exhibited stronger functional connectivity (FC) within the SMN, between frontal
and posterior regions of the DMN, and in the long-range connections linking frontal and
posterior regions. Resting state, compared with task performance, showed stronger FC between
regions of the DMN, SMN and SUB. The significance threshold for the results was set at P <
0.05, FWE-corrected.

5.11 Connectivity dynamics between brain states in extremely preterm-born and term-born
children
The analysis of brain state × group interactions identified two connectivity components that
showed significant interaction effects. The first component comprised of connections between
the regions of the VN that had weaker FC during tasks, compared with resting state (Figure
13A). The other component that showed a significant interaction effect included long-range
connections between several anterior and posterior regions, where the FC was stronger during
task performance than resting state. Such FC changes that involved between-network
connections might reflect task-induced enhancement of functional integration between
segregated sub-networks (Fransson et al. 2018, Shine et al. 2016). In both components, the
change in the FC between the brain states was attenuated in the EPB compared with TB children
suggesting that the EPB children were unable to modulate FC as efficiently as their age-matched
TB controls.
To investigate whether the change in FC between the brain states associated with the ability to
perform the n-back tasks, we searched for correlations between the magnitude of the FC change
(ΔFC) and the measures collected during visuospatial n-back task performance (RTs, errors).
The analysis resulted in a significant correlation between the ΔFC of the VN and the
performance of the tasks. Interestingly, larger FC dynamics in the children associated with better
accuracy (r = -0.425, P = 0.03, FDR-corrected) and longer RTs (r = 0.522, P = 0.01, FDRcorrected) (Figure 13B). In Study II, it was shown that the TB group made fewer errors and had
longer response times than the EPB group. Moreover, Study II that included partly the same
children as here, also indicated that better performance of the n-back tasks was related to the
level of maturation of the white matter. Together, the results show that a larger modulation of FC
between the brain states and more mature white mater associate with better task performance.
These results corroborate earlier findings suggesting an important role for FC modulation (Finc
et al. 2020, Shine et al. 2016) and white matter maturation (Darki and Klingberg 2015, Nagy et
al. 2004) in cognitive performance. The findings underline the importance of flexible network
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connectivity in young school-aged children and show that this ability may be compromised in
preterm-born children with no obvious cognitive impairments.

Figure 13. Interaction between brain state and group. A) Change in the mean functional
connectivity (FC) strength between the brain states was larger in the TB than EPB children in the
visual network (VN). B) Associations between FC dynamics of VN and task performance. A
larger change in the FC between task performance and resting state associated with a smaller
number of errors (upper panel) and longer response times (lower panel). Significant correlations
were obtained at P < 0.05, FDR-corrected for multiple comparisons. TB, term-born; EPB,
extremely preterm-born.
5.12 Summary of major findings from Studies I-IV
The main results of fMRI data analyses during WM tasks and resting state as well as the
results of DTI data analyses are summarized in Table 3.
Table 3. Main findings from Studies I-IV
Study
Study I

Subjects
Adults
Children

Imaging
modality
fMRI

Results
1. Task-related brain activation
Attention to scene images activated the RSC in both
groups, but less than the PPA.
Adults activated the insular, cingulate and parietal
cortices more than children.
Children activated several prefrontal regions more than
adults.
2. Task-related modulation of activity in RSC and
PPA
Children modulated activity between the tasks
similarly in RSC and PPA.
Adults modulated activity more in PPA than RSC.
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Children modulated activity in RSC more than adults,
and to the same extent as adults in PPA.
3. FC during Sf and Fs tasks
Sf task: Children compared with adults had stronger
FC between right RSC and left IPS/IPL.
Fs task: Children compared with adults had stronger
FC between RSC and PPA.
Study
II

EPB children
TB children

fMRI

1. WM-related brain activation
Memory-load increase enhanced PFC activity in TB
but not in EPB children.
EPB children, compared with TB children, had weaker
activation in right PFC and weaker deactivation in
right temporal lobe regions.

DTI

2. White matter group differences
EPB children, compared with TB children, had
increased FA and reduced diffusivities in a widespread
network of white matter regions.
3. White matter associations with cognitive
performance
In TB children, higher FA and lower diffusivity
associated with faster n-back task performance, and
lower diffusivity with fewer errors in visual attention
tasks.
In EPB children, lower FA associated with higher
visuospatial test scores in cerebellar white matter.

Study
III

EPB children
TB children

DTI

1. A DTI protocol for pediatric populations
Description of an acquisition sequence and analysis
steps that were specifically designed for pediatric
populations.
2. The benefits of the protocol
Utilizing multiple software packages which showed
improved performance in child data, reduces the
effects of artifacts and produces robust tensor
estimates. Implementation of a population-specific
template and non-linear registration of tensorial images
improves alignment of brain images from children.

Study
IV

EPB children
TB children

fMRI

1. FC differences between brain states across
children
Stronger FC during task performance than resting state
within DMN and SMN, and between DMN and FPN.
Stronger FC during resting state that task performance
between DMN, SMN and SUB.
2. Brain state × group interactions
Both EPB and TB children exhibited stronger FC in
VN during resting state than tasks, and stronger FC
during tasks than resting state in DMN, FPN, VN and
SMN.
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Between the brain states, changes in FC strength
(ΔFC) were larger in TB than EPB children.
3. Associations of between FC changes (ΔFC) and
behavioural performance
Larger FC change in VN associated with better n-back
task performance.
fMRI = functional magnetic resonance imaging; DTI = diffusion tensor imaging; EPB =
extremely preterm-born; TB = term-born; PPA = parahippocampal place area; RSC =
retrosplenial complex; FC = functional connectivity; Sf = remember-scene-ignore-face task; Fs =
remember-face-ignore-scene task; IPL = inferior parietal lobule; IPS = intraparietal sulcus; FA =
fractional anisotropy; DMN = default mode network; SMN = sensorimotor network, FPN =
fronto-parietal network; SUB = paralimbic-subcortical network; VN = visual network.
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6. GENERAL DISCUSSION
6.1 The functional development of the retrosplenial complex and parahippocampal place
area
In Study I, the fMRI data during 1-back tasks were used to investigate top-down modulation
of activity in scene-sensitive brain regions in 7–11-year-old children and young adults. The
results of Study I showed distinct functional organization of the extrastriate visual cortex
between the two age groups which was reflected in the immature functional specialization of the
RSC in children.
Children responded slower and less accurately than adults during the 1-back tasks. Previous
studies have reported that the ability to inhibit irrelevant stimuli during tasks that require
selective attention is still immature in children compared with adults (Luna et al. 2001, Olesen et
al. 2007) suggesting that top-down regulation mechanisms are still under development at this
age. Moreover, the performance of cognitive tasks gradually improves with age (Brocki and
Bohlin 2004, Vuontela et al. 2003) which is also reflected by maturation of brain structures that
facilitate the maintenance of complex cognitive abilities such as attention, WM and executive
functions.
The results of whole-brain activations identified several PFC regions where the activity in
children was significantly stronger compared to adults. Differential activation was observed in
the right superior and middle frontal gyri of the PFC that are implicated in top-down regulation
of responses in the cortical areas within the visual system (Gazzaley et al. 2007). An enhanced
activation of these prefrontal areas in children suggests that they engaged additional neuronal
resources in order to accomplish the tasks. The requirement for extra processing resources in
children is also reflected by their slower responses, compared with adults, during the
performance of the tasks.
In both groups, significant deactivation was observed in medPFС, cingulate and subcallosal
cortices during Sf and Fs tasks (compared with rest). Adults showed stronger deactivation than
children in the Sf task in these three regions. Deactivation of medial frontal cortical areas has
been linked to an increase of task complexity and to successful task performance (McKiernan et
al. 2003). Therefore, an insufficient level of deactivation in these areas in children may indicate
their poorer flexibility to distribute the processing resources according to an increase of task
demands.
In adults, the modulation of activity between the tasks (Sf and Fs) in the RSC was weaker
compared with that in children who activated this region comparably to the PPA. While both
these regions are involved in the processing of scene information, they are assumed to play
distinct roles in the perception of different scene properties (Bilalic et al. 2019, Epstein 2008,
Park and Chun 2009). The PPA responds strongly to the global geometry, known as spatial
layout, rather than to the separate objects presented within the scene (Epstein 2008). In contrast,
the RSC is engaged in more complex processing of the surroundings such as the ability to
navigate through an environment using the landmarks in order to reach the goal location (Miller
A. M. et al. 2014, Vann et al. 2009). Therefore, the weaker involvement of the RSC, compared
with the PPA, during Sf tasks in adults indicates that it is less engaged in the processing of static
images of the surroundings. The RSC is more involved in integration of spatial information and
in using the remembered information as a landmark for spatial orientation. In children, however,
the engagement of the RSC in the visual tasks was comparable to that of the PPA indicating
lesser functional specialization of this region which is yet to develop during the course of
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maturation. Further evidence supporting this argument was obtained from the FC analysis
showing stronger coupling between the RSC and PPA in children than adults during the Fs tasks.
Together, the findings of enhanced FC between RSC and PPA and their comparable level of
activity modulation in children suggest a heterogeneous developmental timecourse for the two
category-specific regions in the visual system. The present result is also corroborated by theory
which posits that the development of cognitive abilities is related to the establishment of
specialized functional networks which undergo protracted maturation from childhood into
adulthood together with the PFC region (Battista et al. 2018, Johnson M. H. 2001, 2011, Menon
2013).
The RSC also exhibited significant FC with the region of IPL/IPS which was stronger in
children compared with adults. This region is activated during top-down processing that requires
attention to particular objects or features (Shomstein 2012) and generates brief control signals
that mediate attention shifts (Yantis et al. 2002). A recent longitudinal study on brain network
development showed that a region on the left IPL/IPS undergoes significant changes during
maturation by reshaping its functional connections with frontal and posterior regions (Battista et
al. 2018). The finding of stronger FC between the RSC and IPL/IPS in children, compared with
adults, is an example of a neuronal network that is involved in complex processing and requires
time to reach full functional maturity.
6.2 Effects of extreme prematurity on working memory-related activity and white matter
microstructure in 7.5-year-old children
In Study II the whole-brain activation analysis during visuospatial n-back tasks was explored
in EPB and TB children. Evaluation of task performance demonstrated that compared with TB,
the EPB children performed the n-back tasks faster and less accurately. In both groups, however,
slower responses were associated with better performance during 1-back and 2-back tasks. This
result is corroborated by previous findings in typically developing young school-aged children
suggesting that a faster but less accurate performance is related to their still under developed
inhibitory control (Vuontela et al. 2003).
The whole-brain analysis of the task-related fMRI data showed a similar distribution of
activation in the frontal and parietal regions in both groups, however, in the EBP group, the
extent of activation was reduced. Unlike the TB children, the EPB group failed to increase
activation in any brain region when memory load was increased from 1-back to 2-back. In
addition, the correlation analyses demonstrated that the less accurate performance of WM tasks
in EPB children was associated with a lower level of BOLD signal in the medPFC and left
dlPFC (the latter correlation was not significant after Bonferroni correction). Together, these
results indicate that despite similarities in the functional organization of WM processing between
the groups of children, the EPB children were less effective in allocating additional processing
resources with increasing cognitive demand, which was also reflected in their poorer
performance during n-back tasks.
Group difference during n-back tasks demonstrated stronger prefrontal activation in TB than
EPB children specifically in the right OFC, middle frontal gyrus, frontal pole and insula that are
engaged in the executive control of goal-directed behaviour (Mansouri et al. 2017) and in the
processing of subgoals during WM (Braver and Bongiolatti 2002). This pattern of changes is in
line with the earlier results in WM studies demonstrating weaker activation of frontal regions in
EPB than TB children (Griffiths et al. 2014, Griffiths et al. 2013). During WM tasks, both groups
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of children deactivated a region of a right temporal lobe encompassing the hippocampus and
parahippocampal gyrus. In EPB children, however, the magnitude of this deactivation was
attenuated compared with TB controls, which indicates a poorer ability to downregulate brain
areas that are not recruited by WM processing. Together, the findings of reduced brain responses
in WM-related brain regions and insufficient inhibition of task-irrelevant regions suggest
atypical organization and weaker recruitment of neuronal substrates supporting WM in 7.5years-old children born extremely preterm.
Another finding of Study II was the observed widespread alteration of white matter
microstructure in EPB children. These children exhibited elevated FA values in multiple white
matter regions including the major association and projection tracts. This result is partly in line
with earlier studies that reported higher FA in preterm-born subjects compared with control peers
(Allin et al. 2011, Feldman et al. 2012). Later studies, however, demonstrated significant
reductions of FA in white matter regions (Li et al. 2015). Study II also revealed that EPB
children had lower values of diffusivities in a widespread network of white matter tracts. An
overlap between the lower RD values and increased FA was observed in many regions, whereas
the reduced AD was detected mainly in the left SLF, ILF and bilateral CST. These
microstructural changes indicate that the elevated FA in EPB children was driven by lower RD
that reflects the degree of axonal myelination.
To interpret the aforementioned results is not trivial due to the complexity of the white matter
microstructure. Several studies have linked premature birth with the reduction of the white
matter volume (Nosarti et al. 2002, Yung et al. 2007) that in turn may decrease the number of
structural connections and give rise to changes in anatomical circuitries. Moreover, the myelin
content of the white matter undergoes significant changes during development and myelination
is also modulated by the level of neuronal activity in the tracts (Sampaio-Baptista and JohansenBerg 2017). Thus, the observed pattern of abnormal microstructure suggests that the preterm
birth may initiate neuroanatomical reconfiguration of compromised structural circuits in order to
support distributed processing during cognitive functioning and sensory performance.
Previous studies have suggested that the maturation of anatomical neural connections goes
hand-in-hand with an improvement of WM and other complex cognitive abilities (Darki and
Klingberg 2015). The present study exhibited significant associations between the
microstructural measures of white matter tracts and the cognitive performance in 7.5-year-old
children. In TB children, higher FA values within the CST and association tracts were related to
faster responses during the WM tasks. In addition, better scores in a test measuring visual
attention in the TB group associated with lower diffusivity values within neural tracts that
maintain the signaling between attention-related regions. In EPB children, however, higher
scores in a visuospatial test associated with lower FA in the white matter of cerebellum (Jissendi
et al. 2008). Taken together, these findings suggest that the increased FA and reduced
diffusivities in the 7.5-yaer-old EPB children indicate altered organization of the white matter
microstructure that does not seem to enhance their cognitive abilities.
6.3 Preprocessing of DTI data from young children
Study III provided a methodological description for the collection and the analysis of DTI
data from young school-aged children. The elaboration of the specific design for data collection
and the application of advanced preprocessing and analysis tools resulted in a protocol which
was used in Study II to investigate the impact of extreme premature birth on white matter
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microstructure in school-aged children. The diffusion of water within the white matter tissue can
be affected by developmental changes or pathologic processes in the brain. Given that previous
studies on children using the DTI modality have obtained variable results (Allin et al. 2011,
Eikenes et al. 2011, Feldman et al. 2012, Vollmer et al. 2017) when comparing preterm-born
subjects and typically developing controls, the current protocol aimed to take into account
specific features related to pediatric imaging such as excessive motions, lack of templates for
specific age ranges, and lower diffusion within developing brain tissue.
Study III also evaluated the statistical results obtained with two different registration methods –
the tensor-based registration method, which preserves the directional information of the
diffusion, and the method based on registration of scalar FA maps. These methods were applied to
obtain the correlation analysis between FA values and RTs from Study II. The statistical maps of
significant correlations obtained with the two different registration methods were quite
similar, except that the scalar-based, but not the tensor-based registration, produced significant
associations between the FA and RTs in the cerebellar white matter. An explanation of this
difference may reside in the alignment of brain structures to the common space, where the
tensor-based approach outperforms other methods thus resulting in a better alignment of tiny
white matter portions thus preserving an anatomical relevance. Other evidence of the protocol
reliability was provided by the tests for false positives, when two subsamples of healthy controls
were compared to find spurious group differences. The protocol showed no significant
differences between the subsamples of children indicating relevant results in comparing
homogenous study groups. Overall, the presented protocol elaborated several tools that were
advantageous in the preprocessing and analysis of DTI data from children. The protocol
presented in Study III was applied to investigate a homogenous group of EPB children (Study II)
who had no apparent brain abnormalities in structural MRI and ultrasound performed at termage. The applicability and potential of the protocol in clinical studies of preterm-born subjects
with diverse brain pathologies requires further investigation.
6.4 Functional connectivity modulation of brain networks in 7-5-year-old children
Study IV investigated the FC changes of large-scale brain networks in resting sate and task
performance in 7.5-year-old EPB and TB children. Only very few earlier studies have explored
how brain network connectivity changes between different brain states, i.e. when an individual for
example starts to perform a more demanding task after having been engaged in a less complex
performance. It is likely that shifting between brain states involves some readjusting of the brain
network connectivity to optimize the allocation of the neuronal resources. Across the child groups,
there were significant differences between the brain states in the FC of the large-scale brain
networks. The performance of n-back tasks was characterized by the presence of stronger FC in
the VN, FPN, and DMN, while the resting state demonstrated mainly stronger connectivity
between the DMN and SMN. Overall, the most notable task-related FC changes, compared with
the FC during resting state, resided in the SMN and VN that maintain motor and sensory
processing, and in the DMN and FPN that support higher cognition. In Study II, the regions of the
FPN were activated by the n-back tasks in both groups of children indicating its systematic
engagement in WM and attention processes. Furthermore, this network has previously been
related to processes of cognitive control (Somerville and Casey 2010), and its
developmental changes were linked with improving reasoning ability during maturation from
childhood to adolescence (Wendelken et al. 2011). The finding of stronger task-related FC in
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DMN is corroborated by recent studies showing that this network plays an important role in the
distribution of neuronal resources during switching between internally directed cognition and
externally-driven processing (Crittenden et al. 2015, Smith V. et al. 2018). Moreover, stronger
interactions between the DMN and FPN were found to associate with improved performance in
adults (Spreng et al. 2010). Taken together, the results of FC differences between brain states
suggest that 7.5-year-old children are able to reconfigure the large-scale brain networks in order
to allocate the processing resources for increasing cognitive demands.
Group comparisons across brain states showed remarkably different FC patterns including
both stronger and weaker FC in EPB compared with TB children. Stronger FC in EPB children
was observed in many between-network connections and within the DMN, FPN and SMN,
whereas the most notable weaker connectivity in the EPB children was apparent between the
nodes of the VN. Interestingly, the between-groups comparison revealed differences in the
organization of the FPN showing stronger between-network FC specifically with the DMN and
SMN in TB children. Earlier studies have shown a protracted development of neurocognitive
brain networks (de Bie et al. 2012, Jolles et al. 2011), that also includes the development of
gradually stronger FC with other brain networks. In addition, several studies on preterm-born
subjects also have found aberrant organization of functional brain networks during resting state
in DMN and FPN networks. Furthermore, Study II that investigated the white matter
microstructure, found significantly higher FA values in EPB children, compared with TB
children, in the long-range association tracts of the SLF and IFOF that interconnect frontal and
parietal regions (Chechlacz et al. 2015). These white matter features in EPB children could
partly explain the observed differences in the functional architecture between the groups.
Both groups of children modulated the FC strength between the resting state and task
performance, but to a different extent. The modulation was evident in two subnetworks
(components). In one component, in both groups, the FC strength was higher during task
performance than resting state. This component comprised mainly of regions of the
neurocognitive networks (FPN and DMN). In the other component that was composed
exclusively of regions of the VN, the FC strength in both groups was lower during task
performance than resting state. In both components, however, the modulation of FC between the
brain states was weaker in the EPB children compared with the TB controls. This finding of
FC attenuation in EPB children within the VN complements a recent electrophysiological
study on extremely preterm-born infants demonstrating suppressed dynamics of FC in
visual cortices during the transition from quiet to active sleep (Tokariev A. et al. 2019). The
current study also demonstrated that, in both EPB and TB children, a larger change in the
magnitude of FC strength between the brain states associated with a better performance of the
WM tasks. Taken together, these findings suggest that the ability to modulate the networks'
FC plays an important role in cognitive performance and that this ability may be compromised
in young school-aged preterm-born children.
6.5 Methodological considerations, advantages and limitations
A major challenge in fMRI is related to the impact of head motion which corrupts the quality
of the collected data. During the scanning, children tend to move more compared with adults,
and the motion-related artifacts can provide misleading results (Satterthwaite et al. 2012). An
impact of motion artifacts is especially pronounced in the analysis of FC due to an increase of
spurious short-distance correlations which contribute the statistical analysis and may bias the
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results of group comparisons (Power et al. 2012, Van Dijk et al. 2012). The fMRI community
has elaborated several approaches to mitigate the motion artifacts either during the scanning or
during the data analysis (Maknojia et al. 2019). In the present studies, the subject’s head was
stabilized during the scanning with soft padding on both sides of the head in order to minimize
movement within the scanner. During the preprocessing stage, the motion parameters of the head
were obtained and the corrupted brain images were detected when the framewise displacement
measure (computed across six motion parameters) exceeded the threshold of 1 mm. Altogether,
six motion parameters and their first-order derivatives and the matrix of corrupted images were
used to reduce the impact of motion. This approach allows to decrease the effects of motion
artifacts and improves the quality of data. An alternative approach to suppress the artefactual
influence requires the application of data-driven methods. Such methods are largely automated
and treat the data regardless of the motion type. On the other hand, the operator is required to
perform post hoc classification of components and to select the signals of interest.
One of the advantages of the studies was that the n-back tasks were designed so that they
could be successfully performed by even 7-year-old children. In Study I, the instruction for
the tasks was kept simple resulting in a good performance in both age groups, children and
young adults, with the mean percentage of hits larger than 80%. In Studies I, II and IV, in
order to familiarize the participants with the nature of tasks, they practiced each task before the
scanning session. A major advantage of Studies II-IV was the analyses of unique multimodal
datasets that included fMRI during resting sate and during task performance as well as the DTI
data from the 7.5-year-old EPB and TB children. These comprehensive neuroimaging
datasets allowed to study the attention and WM-related activations, organization of white
matter connections, the architecture of the cognition-related functional brain networks, and
interrelations between the WM microstructure and cognitive performance.
One of the major limitations in all studies is the relatively small sample size of included
subjects which may affect the statistical power of the analysis. Study I involved healthy,
typically developing children and at the time when the study was conducted, it appeared difficult
to recruit healthy, school-aged children to a brain imaging study. In Studies II-IV, the low
number of subjects is explained by the strict inclusion criteria for EPB children. All prematurely
born children were born before the 28th gestational week. Moreover, the studies included only
those EPB subjects who had no major pathologies on MRIs at term equivalent age, had not been
diagnosed with neurological or neuropsychiatric disorders and whose age-scaled scores
measuring visuospatial processing were within normal range. However, although the number of
participants in Studies II-IV was relatively low, they formed a relatively homogenous group and
their age range was very narrow.
Another limitation is related to the analysis of the white matter microstructure using the TBSS
approach. Being a DTI-based technique, the TBSS cannot easily solve the problem of crossing
fibers in the voxels that contain populations of axons with different spatial orientations. For such
voxels, the reconstructed tensor produces an inadequate approximation of the predominant
diffusion direction resulting in computation of biased FA maps that are used for the generation of
the mean skeleton. The TBSS is also unable to produce the contiguity at the tract junctions of the
FA skeleton calculated from the FA map. Moreover, the projection algorithm that is used to
assign the FA values from the voxels to the mean skeleton might fail due to insufficient
separation of adjacent tracts. Despite these limitations, the TBSS remains a popular exploratory
tool for the voxelwise analysis of DTI providing a relatively good approximation of the white
matter tracts compared with other techniques.
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7. CONCLUSIONS AND SUGGESTION FOR FUTURE STUDIES
The thesis investigated the development of category-specific visual brain regions and
networks that maintain WM and attention, and the consequences of extreme preterm birth on
brain functions, white matter microstructure and cognition.
Study I of the thesis examined the level of activity and functional connections of two scenesensitive brain regions, the PPA and RSC that support visual attention and spatial navigation.
The results of this study showed that these areas have distinct roles in the perception of stimuli
representing scenes and indicated that the functional specialization of the RSC is protracted and
still ongoing in 7-11-year-old children.
Study II evaluated the impact of an extremely preterm birth on the functional organization of
visuospatial WM and on structural connections that mediate signal transmission within the brain.
The participants were 7.5-year-old children. The study found widespread alterations in the white
matter microstructure of the preterm-born children compared with their age-matched term-born
controls, weaker activation of the WM-related frontal cortical areas, and a poorer ability to
recruit extra processing resources under increasing cognitive load.
Study III presented the methods elaborated for preprocessing and analysis of DTI data that
were collected from young children. The analysis steps of the protocol were optimized in order
to treat the pediatric data in an efficient way and to improve the relevance of the statistical
analyses performed on DTI datasets.
Study IV investigated the dynamics of large-scale brain networks in 7.5.-year-old children
and evaluated the effects of extreme preterm birth on the functional organization of the networks
between two brain states – resting sate and task performance. The study found that the
performance of n-back tasks, compared with resting state, reorganizes the brain network FC, and
that this ability is compromised in children born extremely preterm. The study also demonstrated
that a larger change in the FC strength between the two brain states was associated with better
performance of the n-back tasks.
The thesis shows that the maturation of the brain that involves complex structural and
functional changes and refinements, is vulnerable to external disturbances such as premature
birth. While Study I investigated children of a wider age-range, Studies II-IV focused on a very
narrow age-range and gave a cross sectional view to the developmental state of the brain in the
young school-aged children. The findings of these studies that indicate several functional and
structural deviations in the EPB children, compared with their age-matched controls, call for
further longitudinal studies. Such studies should examine whether the features described here in
the white matter microstructure and brain functions progress or whether the children develop
compensatory neural mechanisms that would alleviate the problems presented in this thesis.
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