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Abstract
The high-level cognitive abilities such as attention, suppression of interference and
working memory (WM) develop throughout childhood and adolescence. Neuroimaging
studies have shown that several brain regions including areas in the prefrontal (PFC) and
parietal cortices play an important role in cognitive control. The prolonged maturation of
the PFC and related networks may underlie the immature cognitive control abilities in
children. In this thesis, functional magnetic resonance imaging and 1-back WM tasks were
used to investigate 1) top-down modulation of brain activity in cortical areas related to
visual information processing and 2) functional connectivity (FC) of resting state and taskrelated brain networks in healthy 7-11-year-old children and young adults. The tasks
required the subjects to attend to either face or scene stimuli and to ignore distracting
scene or face images, respectively. Two other 1-back WM tasks, without distracting
images, served as functional localizers to identify the face-selective area in the fusiform
gyrus (fusiform face area, FFA) and scene-sensitive areas, the parahippocampal place
area (PPA) and retrosplenial complex (RSC).
Study I found that top-down regulation of activity in the FFA was immature in children,
which was demonstrated by the finding that activity changes in the right FFA were
significantly weaker in children than adults between the remember face (Fs) and ignore
face (Sf) tasks. The study also found that the task-related blood-oxygen-level-dependent
signal in several PFC regions was stronger in children than adults. Furthermore, the FC
between the left middle frontal gyrus and right FFA was weaker in children than adults.
This result combined with the immature function of the PFC finding may explain the poorer
top-down regulation of activity in the FFA in children compared to adults between the
tasks. The study also found that the regulation of activity in the PPA between the tasks,
and the FC between areas in the PFC and PPA in children were already at the adult level.
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Study II investigated functional differences between the two scene-sensitive brain
areas, the RSC and PPA, in 7-11-year-old children and adults. The RSC was activated by
scene images in both groups, but was less engaged in scene processing than the PPA.
The top-down regulation of activity between the Sf and Fs tasks was similar in the RSC
and PPA in children, whereas, in adults, this modulation was weaker in the RSC than PPA.
The results of Study II suggest functional differentiation exists between the RSC and PPA,
and that this differentiation is still underway in 7-11-year-old children.
Study III found that 7-11-year-old children have already established an adult-like
pattern of resting state networks. However, during tasks, children had stronger withinnetwork FC and weaker between-network connectivity among several high-level cognitive
networks compared to adults. In addition, the FC changes between resting state and tasks
within the right frontoparietal network (FPN) and between the default mode network and
FPN were significantly different between adults and children. The findings of Study III
suggest that 7-11-year-old children still have an immature ability to efficiently modulate FC
strength within and between networks, likely contributing to their poorer performance in
tasks that require attention, WM and distraction handling.
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Abbreviations
ACC

anterior cingulate cortex

BOLD

blood-oxygenation-level-dependent

CON

cingulo-opercular network

CT

computed tomography

DAN

dorsal attentional network

DMN

default mode network

EEG

electroencephalography

ERP

event-related potential

EV

explanatory variable

FA

false alarm

FC

functional connectivity

FDR

false discovery rate

FEF

frontal eye fields

FFA

fusiform face area

FG

fusiform gyrus

fMRI

functional magnetic resonance imaging

FN

frontopolar network

FPN

frontoparietal network

FWE

family-wise error rate

GLM

general linear model

GM

gray matter

HRF

hemodynamic response function

ICA

independent component analysis

ICN

intrinsic connectivity network
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IFG

inferior frontal gyrus

IOG

inferior occipital gyrus

IPL

inferior parietal lobule

IPS

intraparietal sulcus

MFG

middle frontal gyrus

MTG

middle temporal gyrus

MRI

magnetic resonance imaging

OFA

occipital face area

OFC

orbitofrontal cortex

PET

positron emission tomography

PFC

prefrontal cortex

PPA

parahippocampal place area

ROI

region of interest

RSC

retrosplenial complex

RT

response time

SAL

salience network

SFG

superior frontal gyrus

STS

superior temporal sulcus

T

tesla

TMS

transcranial magnetic stimulation

TPJ

temporo-parietal junction

VBM

voxel-based morphometry

WM

working memory
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1 Introduction
Young, school-aged children have already mastered basic cognitive abilities like language,
motor skills, learning and memory, but their cognitive control abilities are still developing,
making it difficult for them to, for example, maintain attention, suppress interference and
switch the focus of their attention. The development of cognitive control is related to the
maturation of high-level cognition-related brain regions, including the prefrontal cortex
(PFC), and related brain networks. In the studies that form this thesis, functional magnetic
resonance imaging (fMRI) and 1-back working memory (WM) tasks were used to
investigate the development of brain regions and functional networks involved in the topdown regulation of information processing in the visual association cortex in 7-11-year old
children. In the WM tasks, images of natural scenes and neutral faces were used as
stimuli, the information of which is processed in distinct brain regions including the fusiform
face area (FFA), parahippocampal place area (PPA), and retrosplenial complex (RSC).
Studies I and II of this thesis found that children, compared to adults, have 1) weaker topdown regulation of brain activity in the FFA, but stronger regulation of activity in the RSC;
2) stronger task-related activity in several prefrontal regions; and 3) weaker functional
connectivity (FC) between the left middle frontal gyrus (MFG) and right FFA, stronger FC
between the right RSC and areas in the left intraparietal sulcus (IPS)/ inferior parietal
lobule (IPL), between the medial superior frontal gyrus (SFGmed) and right MFG, between
the FFA and PPA, and between the RSC and PPA. In Study III, fMRI data obtained from
the subjects during resting state, as well as during task performance, were analyzed.
Study III found that the adult-like architecture of the intrinsic connectivity networks (ICNs)
has already been established in children. However, the FC strength in the resting state
and during tasks, and the ability to modulate the FC strength of the ICNs between the
resting state and tasks, differs between the groups. The results of these studies show that
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the neurodevelopment of brain functions is still underway in 7-11-year old children. They
also show that mature activity of the brain regions that coordinate higher cognitive
functions and flexible functional network dynamics are important for successful cognitive
performance.
In the following literature review, I will first give background information about face and
scene perception, top-down regulation of information processing, and about functional
brain networks. Then, I will summarize the current knowledge of developmental brain
imaging studies, including the development of face/scene perception, cognitive control
ability and the related brain regions in children. Finally, I will shortly review the
methodologies related to this thesis.
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2 Literature review
2.1 Perception of faces and scenes
Face perception is considered a highly developed visual skill and one of the most
important factors in the daily lives of humans. Studies have described a distributed neural
system in humans that mediates face perception which is comprised of a core and an
extended system. The core system for face perception consists of three bilateral regions in
the occipitotemporal visual cortex that includes regions in the inferior occipital gyrus (IOG),
lateral fusiform gyrus (FG), and the superior temporal sulcus (STS) (Fig. 1). The fusiform
face area (FFA) (Kanwisher et al. 1997), located in the FG, has consistently been found to
respond more strongly to faces than to other visual stimuli, especially to the invariant
aspects of faces representing the perception of unique identity (Haxby et al. 2000). A
series of experiments using the fMRI-adaptation method found that the FG recognizes
facial identity even when the stimuli vary in size or are in different positions (Grill-Spector
and Malach 2001). The brain region in the STS that responds to faces is involved more in
the perception of eye gaze, facial expressions and lip movements, and represents the
changeable aspects of faces (Haxby et al. 2000; Hoffman and Haxby 2000). The face
responsive region in the IOG, also called the occipital face area (OFA), is suggested to be
involved in the early perception of facial features and provides input to both the FG and
STS regions (Haxby et al. 2000). In addition, neuroimaging studies suggest that there
exists an extended system for face perception that provides additional information about
another person, for example, about the subject’s mood, thereby facilitating the recognition
of different facial attributes.
The extended system includes regions in the IPS, auditory cortex, amygdala, insula,
anterior middle temporal gyrus (aMTG), and inferior frontal gyrus (IFG) (Haxby et al. 2000;
Ishai et al. 2005). On the other hand, electroencephalography (EEG) studies (Bentin et al.
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1996) have reported a negative electrophysiological face-selective response that peaks at
170 ms after stimulus onset (N170) at the occipital-temporal sites. A simultaneous EEGfMRI study reported that the N170 correlated strongly with face-selectivity in the FFA
(Sadeh et al. 2010). A resting state fMRI study revealed that the brain regions involved in
face perception were intrinsically connected with each other, and the strength of the FC
between the perirhinal cortex and FFA correlated positively with the behavioral sensitivity
to face inversion in WM tasks (O'Neil et al. 2014).
An inability to recognize previously familiar faces, but without impairments in object
processing or early visual analysis, is termed prosopagnosia (Bodamer 1947).
Neuropsychological studies have reported that subjects with prosopagnosia often have
damage in the occipitotemporal areas, especially in the right hemisphere (De Renzi et al.
1994). In addition, research in individuals with congenital prosopagnosia has found
reduced FC and structural connectivity between the brain regions involved in face
perception (Avidan et al. 2014). On the other hand, applying transcranial magnetic
stimulation (TMS) to the right OFA (Pitcher et al. 2009, 2012) impaired face discrimination,
whereas intracranial electrical stimulation in the right middle and posterior fusiform gyri
caused pronounced distortions to face perception (Parvizi et al. 2012). These studies
using experimental disruption of local brain activity provide further evidence of the
important roles of these brain regions in face recognition (Freiwald et al. 2016).
On the other hand, neuroimaging studies have defined several brain regions that
either selectively respond to scenes, or are otherwise involved in the mapping of the
environment, including the hippocampus, PPA, and RSC (Fig. 1) (Epstein 2008). These
regions are suggested to have distinct and complementary roles in spatial cognition.
Previous studies reported that London taxi drivers have increased grey matter volume in
the right posterior hippocampus compared with non-taxi drivers and bus drivers (Maguire
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et al. 2000), and that the hippocampus was active when subjects learned to navigate in an
environment independent of the starting point (Suthana et al. 2009). Patients with
hippocampal damage could not discriminate the spatial information in the same place
represented from different viewpoints (Hartley et al. 2007; King et al. 2002). Together,
these results suggest that the hippocampus plays a critical role in forming a viewpointindependent (allocentric) map of an environment.
The PPA is located within the posterior parahippocampal cortex and the anterior
lingual gyrus, and responds preferentially to pictures of places relative to objects or faces
(Epstein and Kanwisher 1998; Epstein 2008). The PPA shows stronger activation in
response to seeing landmarks, landscapes, cityscapes, or a room with or without furniture
than to objects or faces, suggesting that the PPA plays a role in the analysis of the
geometric shape of the surroundings to determine the current location (Epstein and
Kanwisher 1998; Maguire et al. 1997). The PPA also activates during mental imagery of
places (O'Craven and Kanwisher 2000) and haptic exploration of spatial layouts in sighted
and blind people (Wolbers et al. 2011). Patients with damage in the PPA have a deficit in
the processing of information regarding the geometry of their surroundings (Epstein et al.
2001; Epstein 2008).
Neuroimaging studies have also found another brain region, called the RSC, that
exhibits neural activity during navigation tasks. The RSC includes brain regions in the
retrosplenial cortex, posterior cingulate and medial parietal region (Epstein 2008). The
RSC shows strong activation during the passive viewing of scenes, scene imagery, haptic
scene exploration and mental imagination of navigation (Ino et al. 2002). Furthermore, the
RSC responds more strongly to familiar than unfamiliar places (Epstein et al. 2007;
Sugiura et al. 2005), which implies that the RSC plays a role in the retrieval of long-term
spatial knowledge. In contrast to patients with damage in the parahippocampal cortex,
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patients with RSC lesions can recognize landmarks to identify their locations, but they
cannot use this information for the purpose of orientation, leading to difficulties in finding
their way in familiar environments (Ino et al. 2007; Osawa et al. 2008; Takahashi et al.
1997). Neuroanatomical (Kravitz et al. 2011; Rushworth et al. 2006; Vann et al. 2009) and
resting-state FC (Greicius et al. 2009; Margulies et al. 2009) studies showed that the
retrosplenial cortex is interlinked with several brain regions in the hippocampus,
parahippocampal, parietal and prefrontal cortices. Based on its anatomical location and
functions during navigation, researchers suggest that the RSC is involved in translating
between egocentric spatial information represented in the parietal lobe and allocentric
spatial information stored in the medial temporal lobe (Epstein 2008; Epstein and Vass
2014).

Fig. 1. Cortical activation during fMRI
measurement associated with the
perception of faces and scenes. Blue
circles mark the FFA, PPA and RSC on
the brain regions of representative adult
participants. FFA, fusiform face area; IOG,
inferior occipital gyrus; PPA,
parahippocampal place area; RSC,
retrosplenial complex; STS, superior
temporal sulcus. R, right.

2.2 Visual working memory, bottom-up and top-down processing
Working memory refers to maintaining an active representation of task-related information
for a short period of time so that it is available for further manipulation (Baddeley 2007;
Gazzaley and Nobre 2012). Working memory consists of several different processes, such
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as expectation of upcoming events, selection and encoding of stimuli, and maintenance
and manipulation of relevant information (Fougnie 2008; Gazzaley and Nobre 2012).
Natural visual scenes in the environment are diverse and usually contain multiple objects.
Due to our limited capacity, we cannot process all of the information in the environment
simultaneously. Therefore, the brain utilizes attentional mechanisms to select goal-related
information to enter into WM and to filter out irrelevant information (Kastner and Pinsk
2004). Attention is influenced by two distinct factors – bottom-up perception and top-down
modulation. The bottom-up perception is a stimulus-driven mechanism. An object appears
to 'pop-out' and is easily detected if it has a salient feature relative to the background. The
stimulus salience depends on various factors, including simple feature properties, stimulus
similarity, and proximity between the targets and distractors and between different
distractors (Beck and Kastner 2009; Kastner and Ungerleider 2000). On the other hand,
top-down modulation underlies our ability to voluntarily attend to task-relevant stimuli
and/or ignore irrelevant distractors. Top-down modulation involves enhancement of neural
activity in task-relevant sensory areas and/or suppression of activity in task-irrelevant
areas (D'Esposito and Postle 2015; Gazzaley and Nobre 2012). For example, Gazzaley et
al. (2005) used fMRI with WM tasks with equivalent bottom-up information to investigate
the top-down mechanisms. During the tasks, the subjects were required to
remember/ignore face stimuli, or to passively view faces. The fMRI revealed that during
the encoding period of the delay task, the activity in the face selective region, the FFA,
was enhanced/suppressed when faces had to be remembered/ignored, respectively,
compared to a condition where they were passively viewed. These results suggest that
successful representation of relevant information in our brain is provided by top-down
signals to sensory cortices that generate contrast via enhancing and suppressing neural
activity in corresponding cortical areas (Corbetta et al. 1990; D'Esposito and Postle 2015).
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Recently, single-cell recordings in animals and neuroimaging studies in humans have
supported the idea that the top-down signal is generated in higher order association
cortices, such as the PFC and parietal cortex, including areas in the dorsolateral PFC,
ventrolateral PFC, frontal eye field, supplementary eye field, anterior cingulate cortex
(ACC), and posterior parietal cortex (Baddeley 2007; Curtis and D'Esposito 2003;
Gazzaley et al. 2004; Geier and Luna 2009; Geier et al. 2007; Kastner and Ungerleider
2000). For example, studies have found that the primary and association sensory cortices
activate even during stimulus-absent paradigms (e.g., during the WM maintenance period,
during visual anticipation and visual imagery). These neural activities in sensory cortices
are believed to be driven by top-down signals from the PFC and the parietal cortex, which
show equally strong neural activities for directed attention in the absence and presence of
visual stimuli (Engel et al. 2001; Gazzaley et al. 2004; Ishai et al. 2000; Kanwisher and
Wojciulik 2000; Kastner et al. 1999; O'Craven and Kanwisher 2000). In addition, patients
with functional disruption or lesions in the PFC have general deficits in WM and less
distinct category selectivity to faces and scenes in the extrastriate cortex (D'Esposito and
Postle 2015), with no apparent deficits in sensory discrimination or motor performance
(Beck and Kastner 2009; Duncan et al. 1996; Knudsen 2007; Vendrell et al. 1995). These
findings provide further evidence that the PFC generates top-down control signals.

2.3 Functional brain networks
Back in the mid-1990s, Biswal et al. (1995) first discovered synchronized brain activity in
the primary sensorimotor areas across the hemispheres during the resting state, thus
demonstrating the existence of resting-state networks (Biswal et al. 1995). Subsequent
neuroimaging studies examining low-frequency spontaneous fluctuations have revealed a
number of consistent ICNs during the resting state that span long-range cortico-cortical
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and cortical-subcortical connectivity in the human brain (Damoiseaux et al. 2006; Fox et al.
2005). The major representative ICNs include unimodal processing networks in the visual,
auditory, and sensorimotor cortices, and neurocognitive networks (Fig. 2) related to highlevel cognitive processing, such as the default mode (DMN), dorsal attentional (DAN),
frontoparietal (FPN), cingulo-opercular (CON)/salience (SAL), and frontopolar (FN)
networks (Damoiseaux et al. 2006; Dosenbach et al. 2008; Orr et al. 2015; Power et al.
2011; Smith et al. 2009). The main nodes of the DMN include brain areas in the medial
PFC (medPFC), posterior cingulate cortex/precuneus, lateral parietal cortex, and
parahippocampal region (Northoff et al. 2010; Van Dijk et al. 2010). Previous studies
suggested that the brain regions within the DMN are involved in episodic memory,
autobiographical memory, the self-referential process (Philippi et al. 2015; Qin and
Northoff 2011), social cognition (Amodio and Frith 2006; Buckner et al. 2008; Menon 2011)
and semantic processing (Binder 2012). On the other hand, the DMN areas exhibit a
consistent task-independent deactivation during task performance requiring externallydirected attention compared to the resting state (Raichle et al. 2001). Several studies have
found that the degree of deactivation in the DMN areas is associated with the success of
cognitive task performance (Anticevic et al. 2012; Daselaar et al. 2004; Lawrence et al.
2003; Weissman et al. 2006). In addition, a recent work (Elton and Gao 2015) showed that
the DMN demonstrated increased FC with brain regions in other networks in both internal
and external goal-directed tasks, and the observed task-related connectivity changes were
associated with behavioral measures of each task. Together, these findings suggest that
the DMN plays an important role in cognitive control through effectively allocating
attentional resources to either intrinsic thought or extrinsic stimuli (Buckner et al. 2008;
Elton and Gao 2015; Weissman et al. 2006). In contrast, other neurocognitive networks
including the FPN, DAN, CON/SAL, and FN exhibit a consistent activity increase in the
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control of attention, WM and other executive functions (Bressler and Menon 2010; Fox et
al. 2005; Laird et al. 2011; Menon 2011; Orr et al. 2015). For example, the middle frontal
gyrus within the FPN has a role in selecting relevant information and maintaining task
goals, despite distractions (Driver and Frackowiak 2001; Miller 2000). Areas of the IFG
and IPL/temporo-parietal junction (TPJ) of the FPN are involved in reorienting attention
toward behaviorally relevant sensory stimuli (Corbetta et al. 2002; Driver and Frackowiak
2001; Weissman et al. 2006), whereas the dorsal posterior parietal cortex (IPL/IPS) and
the frontal eye fields (FEF) in the DAN are proposed to be involved in the voluntary
allocation and maintenance of visuospatial attention (Corbetta et al. 2002; Toro et al. 2008;
Vossel et al. 2014). The CON is suggested to provide stable "set-maintenance" over entire
goal-directed task epochs (Dosenbach et al. 2008; Dosenbach et al. 2006), and to play a
role in driving functional network activity changes between different brain states (Sridharan
et al. 2008). The core region of the CON, the ACC, has many functions and is thought to
be related to error detection and resolving conflicts during information processing (Kerns et
al. 2004; Liston et al. 2006; Polli et al. 2005; Weissman et al. 2005). In addition, the frontal
pole of the FN is also suggested to effectively guide goal-directed behavior (Orr et al.
2015).
Recent neuroimaging studies in adults (Cole et al. 2014; Smith et al. 2009) have
shown that the brain network architecture is highly consistent during rest and cognitive
tasks, which implies that the spontaneous activity may represent a history of repeated coactivations between brain regions during tasks (Cole et al. 2014; Fair et al. 2009; Power
and Petersen 2013). Although adults have a stable network architecture, the FC strength
of the networks experiences dynamic changes during task performance (Cole et al. 2014;
McIntosh 1999). In general, the execution of cognitive tasks is usually accompanied by a
reduction in within-network connectivity and elevated between-network connectivity
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compared to the resting state (Cole et al. 2014; Elton and Gao 2015; Gao et al. 2013),
resulting in a less clustered and less modular brain network organization with more
efficient information processing, which supports greater cognitive demands during tasks
(Kitzbichler et al. 2011).
The FC of brain networks may also reflect the underlying structural connections
linking neural elements. Several studies have performed direct comparisons between
structural and functional connectivity in specific brain regions (Greicius et al. 2009; van
den Heuvel et al. 2008, 2009) and across the whole brain (Hagmann et al. 2008; Honey et
al. 2009; Skudlarski et al. 2008) in the same participants, and have found strong
agreement between the structural and functional connections. However, strong FC was
also found to occur between nodes without direct structural connections, suggesting
indirect or unobserved anatomical links (Koch et al. 2002; Sporns 2011).
Recently, the network measures of fMRI data during the resting state have been
widely used for clinical applications and have been powerful and sensitive for detecting
network differences in neurological and psychiatric disorders. For example, alterations of
network FC have been found in patients with Alzheimer's disease (Greicius et al. 2004),
autism (Cherkassky et al. 2006; Kennedy and Courchesne 2008), depression (Anand et al.
2005, 2009; Greicius et al. 2007), schizophrenia (Bluhm et al. 2007; Calhoun et al. 2009;
Garrity et al. 2007; Greicius 2008; Whitfield-Gabrieli et al. 2009), and attention deficit
hyperactivity disorder (Uddin et al. 2008). Using resting state fMRI to investigate functional
brain network changes in patients has apparent clinical advantages because no task
needs to be performed, which is especially beneficial when studying patients with
difficulties in task performance (Damoiseaux et al. 2006). Given these advantages, the
network measures may offer new insights into disruptions of brain networks in the
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diseased brain and have the potential to become diagnostic markers to facilitate early
detection of these diseases (Sporns 2011).

Fig. 2. Representative resting state
neurocognitive networks. The data was
measured during a 6-minute resting state
with eyes closed. The neurocognitive
networks shown here represent networks
obtained by combining 14 children and 14
adults’ resting state data. DMN, default
mode network; FPN, frontoparietal networks;
CON, cingulo-opercular network; DAN,
dorsal attentional network; LH, left
hemisphere; RH, right hemisphere. This
figure is modified from Figure 1 in Study III
(Jiang et al. submitted manuscript).

2.4 Development of face and scene perception
Newborn infants prefer to look at real faces over scrambled faces or faces with their
configuration features (Johnson et al. 1991). ERP studies suggest that the ability to
distinguish between upright and inverted faces (Halit et al. 2003), and the specificity of
N170 for face processing, matures in a gradual and quantitative manner throughout
childhood into adulthood (Taylor et al. 1999, 2001). Accordingly, fMRI studies suggest that
the face processing-associated brain regions, especially the FFA, and related networks
undergo a prolonged maturation process in parallel with the development of categoryspecific recognition memory. For example, microstructural proliferation occurs in different
tissue compartments in FFA during childhood (Gomez et al. 2017); the size of the right
FFA, response amplitude and selectivity for faces of the right FFA are smaller in children
and adolescents than adults (Golarai et al. 2007, 2010; Joseph et al. 2011; Scherf et al.
2011). The FC patterns of face processing networks and connectivity strength undergo
developmental changes during childhood (Joseph et al. 2012), which may be due to the
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continuous specialization and fine-tuning of the face processing-related regions (Cohen
Kadosh et al. 2011).
During the development of spatial cognition, children first learn to use landmark
information, then gradually develop the ability to combine individual landmark sequences
into a route and integrate information acquired over time to represent large-scale spaces
(Jansen-Osmann 2007; Vasilyeva and Bowers 2010). Developmental neuroimaging
studies indicate that the navigation skills improve in concert with the maturation of the
brain regions related to spatial cognition. For example, the volume of the PPA (Golarai et
al. 2007) and the functional activation of this area during visual scene processing (Chai et
al. 2010) increase with age in preadolescent children. In these studies, maturational
changes in the PPA were related to improved recognition memory for scenes. Some
studies have also found age-related changes in the FC between the PPA and prefrontal
regions in the successful memory retrieval of scenes in children (Ofen et al. 2012).
However, the functional maturation of the RSC, another scene perception-related region,
and associated networks is largely unexplored.

2.5 Development of cognitive control and brain networks
Cognitive control, the ability to support goal-directed behavior, including WM, response
inhibition, problem-solving, emotional self-regulation and decision making, has a
protracted developmental trajectory from childhood through adolescence into adulthood.
The immature cognitive control may often lead to suboptimal or even dangerous behavior
in children and adolescents (Luna et al. 2010). In general, children, compared to
adolescents and adults, respond slower and make more mistakes when they perform
tasks which demand cognitive control abilities (Davidson et al. 2006; Paus 2005; Rueda et
al. 2004; Vuontela et al. 2003). Neuroimaging studies have shown that these behavioral
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improvements are associated with the structural and functional maturation of relevant brain
regions. For example, the ventrolateral PFC, which is believed to play a primary role in
response inhibition, demonstrated an age-related activation increase in different inhibitory
tasks, such as the flankers (Bunge et al. 2002), Stroop (Adleman et al. 2002; Marsh et al.
2006), go/no-go (Rubia et al. 2006) and antisaccade tasks (Luna et al. 2001, 2010).
Similarly, adults, compared to children, showed increased recruitment of the dorsal ACC in
error trials when performing inhibitory control tasks in order to support more effective
performance monitoring (Velanova et al. 2008). Other studies using WM tasks find that
children recruit different brain regions than adults, who utilize functionally more specialized
regions (e.g., parietal regions) to support better performance (Ciesielski et al. 2006; Geier
and Luna 2009; Geier et al. 2009; Velanova et al. 2008).
Recent developmental neuroimaging studies that examined resting state functional
networks suggest that the large-scale functional network architecture is established before
adolescence (Jolles et al. 2011; Marek et al. 2015; Zhong et al. 2014). However, the finetuning of FC continues during development, especially in the high-order cognitive
networks, such as the FPN, CON, DAN and DMN. The protracted functional development
of these networks may underlie the immature cognitive abilities in children. For example,
the major nodes of the DMN are functionally connected in 2-year-olds (Gao et al. 2009),
but the FC strength between the nodes is still weaker in children older than 7 years,
compared to adults (Fair et al. 2008; Supekar et al. 2010). Studies using graph theory in
network analysis suggest that during development, the changes of functional brain
networks occur through segregation of the anatomically adjacent regions and integration of
spatially distributed regions (Fair et al. 2007, 2009). The functional network changes
across development are likely related to the morphological changes of the brain during
development, such as alterations in gray matter (GM) volume, including synaptic and
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dendritic proliferation and pruning (Dennis and Thompson 2014; Gogtay et al. 2004;
Gogtay and Thompson 2010), and continued myelination of the cortex (Barnea-Goraly et
al. 2005; Dennis and Thompson 2014; Paus et al. 2001). Structural imaging studies
document overall non-linear changes in regional GM volumes in the frontal, parietal and
temporal lobes, which follows an inverted U-shaped trajectory (Giedd et al. 1999; Gogtay
and Thompson 2010). The synaptic pruning may be the main reason for the GM volume
loss and may underlie the increased functional specialization of neighboring regions of
cortical tissue and decreased FC between local regions. On the other hand, the increased
myelination between long-range fibers may mainly account for the increase in long-range
functional connections (Johnson 2011). The structural maturation of the GM and
myelination follow different time courses across the major lobes of the brain and the frontal
lobe is one of the last areas to reach the adult level of maturation. The late maturation of
the frontal lobe also parallels the late functional maturation of cognitive control abilities that
are supported by the PFC. Although literature about the development of intrinsic brain
networks is accumulating, very little is known about the typical maturation of task-related
neural network organization during cognitive task performance.
Neuropsychiatric disorders that emerge during childhood, such as attention deficit
hyperactivity disorder and conduct disorder, are usually accompanied by cognitive control
deficits. Therefore, delineating the neural processes that underlie the improvement of
cognitive control abilities in healthy, typically-developing subjects will help to understand
the neurobehavioral basis of psychopathology in children and adolescents (Luna et al.
2010).
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2.6 Methodology
2.6.1 Magnetic resonance imaging (MRI) and functional MRI (fMRI)
Magnetic resonance imaging (MRI) is able to detect different tissue properties and
distinguish between tissue types, which makes it a flexible and powerful tool for medical
diagnosis. The first MR images of biological (Mansfield and Maudsley 1976) and human
(Damadian et al. 1977) structures were created in the 1970s with advanced image
acquisition methods, and MRI has been clinically prevalent since the 1980s. MRI utilizes
the magnetic properties of atomic nuclei, especially those of the hydrogen atoms that exist
in water and fat, to construct high-resolution images of biological organisms (Huettel et al.
2009). The atomic nuclei with the nuclear magnetic resonance property can be referred to
as a spin. When placed in an external static magnetic field with high field strength (e.g.,
1.5 T, 3 T), spins tend to precess in one of the two states: parallel to or antiparallel to the
magnetic field. Protons in the parallel state have a lower energy level which is slightly
more stable compared to protons in the antiparallel state with a higher energy level. So,
more protons will enter the parallel state within an external static magnetic field. A spin in
the low-energy state can jump to the high-energy level by absorbing radiofrequency
energy at its resonant frequency provided by an excitation pulse. When the excitation
pulse ceases, some of the spins at the high-energy state will return to the low-energy state
by releasing the absorbed energy. The emitted energy provides the MR signal data, which
can be measured by a receiver coil. During the reception period that refers to the period
when a sample emits absorbed electromagnetic energy at its resonant frequency, the MR
signal changes in two ways: recovery of the longitudinal magnetization and decay of the
transverse magnetization, which are described by the time constant T1 recovery and T2
decay, respectively. Biological tissues with different properties have different T1 and T2
constants. By varying the parameters of the pulse sequence that determines when the
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radiofrequency pulses are applied, the resulting MR images can provide information about
the relative T1 or T2 values of tissues to generate different contrasts between the tissues.
If the relative signal intensity of voxels within the image depends on the T1/T2 value of the
tissue, the MR images are called T1/T2 -weighted images (Huettel et al. 2009). The
obtained images usually have a relatively high spatial resolution with anatomical details,
thus, MRI is now the most prominent method in diagnostic medicine and biomedical
research.
However, structural studies cannot provide information about short-term physiological
changes associated with the brain functions. Functional neuroimaging, including fMRI can
help overcome this limitation. The primary form of fMRI uses blood-oxygenation-leveldependent (BOLD) contrast, which was discovered by Seiji Ogawa and his colleagues in
the 1990s (Ogawa et al. 1990). It is a method to indirectly assess neural activity by
measuring the magnetic property changes in the corresponding hemodynamic responses.
The basis for BOLD-contrast fMRI is the T2*-weighted image, which is sensitive to the
amount of deoxygenated hemoglobin present. Deoxygenated hemoglobin is paramagnetic
with a significant magnetic moment which distorts the surrounding magnetic field and
results in a shorter T2*; whereas oxygenated hemoglobin is diamagnetic, which has zero
magnetic moment. By using MR pulse sequences that are sensitive to T2*, highly
oxygenated blood should show more MR signal and highly deoxygenated blood should
show less MR signal. When neural activity increases, the vascular system
overcompensates the blood flow, suppling an excessive amount of oxygenated blood to
the activated area than what is needed by the neurons. As a consequence, the BOLD
signal increases during neural activity because the blood within the activated area is more
oxygenated compared to a non-activated state, resulting in a corresponding increase in
homogeneity of magnetic susceptibility and the T2*-weighted MRI signal (Huettel et al.
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2009). Due to the hemodynamic response properties, the BOLD signal takes several
seconds to develop and decay, resulting in a comparatively low temporal resolution of
fMRI (in the order of seconds). However, the fMRI has a relatively high spatial resolution
(in the order of millimeters) and it is a noninvasive technique, since this method does not
involve the use of potentially harmful radiation, such as x-ray in computed tomography
(CT), or radioactive isotopes in positron emission tomography (PET). Therefore, fMRI has
become the dominant imaging technique in cognitive neuroscience to link brain activation
to mental function. In the fMRI studies, the hemodynamic response function (HRF) is used
to model the hemodynamic responses. Based on the linearity of the hemodynamic
response, the general linear model (GLM) (see Section 2.6.2) is used in studies with blockand event-related designs (see Section 2.6.3) to analyze the neural activity changes in
activation over time under different experimental conditions. More recently, functional
neuroimaging studies using naturalistic stimuli with complex features, like movies and
music, to simulate real-world experiences have become popular. Data-driven approaches,
such as independent component analysis (ICA), are powerful tools for analyzing human
brain imaging data with naturalistic stimuli (Malinen and Hari 2011). On the other hand, FC
methods, including ICA (see Section 2.6.4), are also used to evaluate regional interactions
of synchronous BOLD changes measured in fMRI when a subject is at a resting state
without any explicit tasks (Beckmann et al. 2005; Damoiseaux et al. 2006).

2.6.2 BOLD signal analysis: the general linear model (GLM)
In the fMRI BOLD signal analysis, the GLM is used to analyze each voxel's time series to
see whether the signal changes in response to the task manipulation. The GLM has
become the dominant statistical framework for the fMRI BOLD signal analysis because of
its simplified assumptions and flexibility (Huettel et al. 2009). In the GLM, the experimental
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data serve as the dependent variables, and they are assumed to be composed of a linear
combination of different regressors, each with a variable weighting, and uncorrelated
noise. Given the experimental data and a set of hypothesized regressors, a combination of
parameter weights can be estimated to minimize the noise values. Thus, it is important for
the analysis to estimate the GLM regressors that will model the BOLD signal as accurately
as possible. The BOLD signal is dependent on the interplay of blood flow, blood volume,
and blood oxygenation in response to changes in neuronal activity. The hemodynamic
response has a number of important characteristics: it starts to rise within 1-2 seconds
from stimulus onset and peaks within 4-6 seconds, then returns to baseline by 12-20
seconds, depending on the stimulus duration, and it may have an initial dip and poststimulus undershoot (Huettel et al. 2009). Furthermore, the relationship between the
hemodynamic and neural responses exhibits linear time invariant properties (i.e., the
hemodynamic response linearly transforms the underlying neuronal signals). Based on
these properties, the hemodynamic response is estimated by HRFs, such as doublegamma HRF and finite impulse response models, etc. (Poldrack et al. 2011).
In a typical fMRI data analysis, the GLM is applied to the individual voxels or clusters
of voxels throughout the whole brain. Such whole brain voxel-wise analyses are
appropriate for research hypotheses aiming at understanding particular cognitive
processes. Alternatively, another approach is to use region of interest (ROI) analyses to
test an a priori hypothesis in a particular brain region by pre-determining a set of voxels as
targets. One way to define the ROI is to draw it on structural images, which typically have
higher resolution and greater tissue contrast than functional images. Thus, anatomical
ROIs can provide an unbiased estimate of activation within a given brain area. However,
the anatomical ROI analyses face a potential problem of mismatching the anatomical
regions and expected functions within the brain. Another powerful way is to create
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functional ROIs, which are defined as voxels that are activated by a particular stimulus,
cognitive function or action. For example, Kanwisher and colleagues (1997) used a
localizer task to define the 'face area' ROI as voxels that were differentially activated by
faces compared to objects. They then used the functional face ROIs to evaluate the effects
of other experimental manipulations on face processing. Creating functional ROIs is
important when the boundaries of a functionally distinct brain region cannot be readily
identified by anatomical landmarks (Friston et al. 2006)). The ROI analyses have several
advantages over voxel-wise methods. First, the total number of comparisons is greatly
reduced due to the fewer number of ROIs than voxels, thus ameliorating the need to
correct for multiple comparisons. Second, the ROI approach can help to create simple and
easily understood parametric activation maps.

2.6.3 Task designs: block, event-related and mixed design
In order to test a research hypothesis, researchers use experimental designs to set up the
manipulations and measurements. The main types of experimental designs in fMRI include
block, event-related, and mixed designs.
In block design experiments, different experimental conditions are separated into
distinct blocks. Trials from each condition are grouped together in time to form blocks
lasting tens of seconds. For example, in a block design experiment, the subjects view a
series of face images presented one at a time in one block, and view a list of human body
images in another block. The blocks representing the two conditions alternate, allowing
identification of the different fMRI activation between the conditions of viewing faces and
bodies. In addition, a rest or baseline condition can be introduced between the two blocks,
so that the activation evoked by each condition can be measured. The block design is
simple for the researchers to design and for subjects to manipulate. It is powerful at
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detecting significant block-related fMRI activations in the brain. But, block designs do not
allow for separation of the response for each trial and have a weak ability to estimate the
time course of the response (Huettel et al. 2009).
The second major type is event-related design. The event-related design aims at
measuring the transient changes of neural activity that occur for short and discrete
intervals. The events generate short bursts of neural activity, and a single trial usually
comprises more than one event. Unlike in block designs, trials of different conditions in the
event-related designs are presented in a random order. The event-related designs have a
good estimation power of the HRF time course, and can separate the events to different
components, such as cue, target, and motor response. They are comparatively flexible
without anticipating responses to the events and they also allow for the sorting of trial
types into correct and incorrect trials for further analysis. However, the event-related
design has a lower efficiency and is more dependent on accurate HRF modelling in
detecting significant activation compared to block designs (Huettel et al. 2009).
Some fMRI experiments combine the basic elements of block and event-related
approaches to form a mixed design in which the distinct stimuli are displayed in discrete
blocks, but each block contains multiple types of events. Thus, the mixed design
experiment has the ability to detect both the transient responses to the events within a
block, and the different cognitive state-related processes between the different blocks
(Huettel et al. 2009).

2.6.4 Functional connectivity (FC) analysis
There are several methods to analyze FC, such as seed-based analysis including the
graph theory approach, and data-driven methods (e.g., ICA).
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In a seed-based FC analysis, the time course of a seed region based on an a priori
hypothesis is first extracted, and then its correlation with other seed regions or with all
voxels across the brain is computed. For example, Fox et al. (2005) predefined seeds in
those brain regions which exhibit task-related activity increases and decreases, and
identified two anticorrelated functional networks in the resting human brain by the seedbased FC method. Another approach to modeling connectivity in fMRI data is the graph
theory method, which is prevalent in mathematics and several other scientific fields
investigating, for example, social or technological connections (Sporns 2011). The graph
theory method first extracts signals from a limited number of seeds as network nodes, then
calculates the strength of correlations between signals of each node in the network and,
finally, characterizes the network by estimating the topological properties, like average
path length, clustering coefficient, and modularity measures (Sporns 2011). Studies using
graph theory have demonstrated that the brain networks have a small world organization
with high clustering and short path lengths (Sporns 2011). However, the seed-based
analysis is highly dependent on the definition of the a priori seeds, which may easily lead
to an anatomical bias (Friston et al. 2006).
ICA is a data-driven method that has the ability to robustly detect networks of
coherent activity. A currently popular ICA method that is used to estimate functional brain
networks from fMRI data is the spatial ICA that allows for detection of spatially
independent components with systematically non-overlapping, temporally coherent brain
regions (Xu et al. 2013). Compared with the seed-based correlation analyses, the ICA
approach can reveal large brain networks during the resting state and task performance
(Smith et al. 2009) without requiring any prior information about the models or seeds (de
Reus and van den Heuvel 2013; van den Heuvel and Hulshoff Pol 2010). Another
important advantage of ICA is that it can separate signal fluctuations from other structured
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noise-related variations, such as those induced by cardiac or respiratory physiology and
head motions. Then, the detected noise-related components can be removed from the
original data for further analysis to detect the hemodynamic response-related neural
activities.
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3 Aims of the studies
The general aim was to study, in healthy, typically developing 7–11-year-old children, 1)
the development and plasticity of neural mechanisms underlying top-down regulation of
the visual association cortex and the role of the PFC in this regulation (Study I and II); and
2) the FC of large-scale brain networks during visual WM tasks and resting state (Study
III).
The specific aims were the following:
1) to investigate the regulation of activity and FC in the FFA and PPA (Study I)
2) to investigate the function and FC of the RSC and top-down regulation of activity in
this area (Study II)
3) to explore the differences between 7–11-year-old children and young adults in the
FC of large-scale brain networks during the resting state and in the engagement of the
ICNs during WM tasks (Study III)
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4 Material and methods
4.1 Subjects (Study I, II and III)
The subjects of the studies were all healthy children and adults with no prior neurological
or psychiatric diseases. All subjects were of European descent, of Finnish nationality, and
the children attended normal schools in the Helsinki and Espoo areas. All children and
their legal guardians and all adults gave written informed consent for the present
experimental procedure that was approved by the Ethics Committee for Pediatrics,
Adolescent Medicine and Psychiatry at the Helsinki University Central Hospital. Table 1
lists the overall information of the subjects included in each study.
Table 1. Overview of the subjects in Studies I-III

Study Number of subjects

I

II

III

Age range (years) Type of data

Children* Adults

Children

Adults

18 (13

11 (7

7-11

22-29

males)

males)

18 (13

13** (7

males)

males)

18 (13

16*** (10

males)

males)

fMRI data collected during visual 1back WM tasks

7-11

22-29

fMRI data collected during visual 1back WM tasks

7-11

22-29

fMRI data collected during visual 1back WM tasks and resting state

* Two boys (aged 8 years) were excluded due to excessive head movement (>2 mm)
during scanning, resulting in 16 children’s data being used for further analysis in Studies IIII. The same child subjects were used in Studies I-III.
** Included 11 subjects from Study I
*** Included 13 subjects from Study II
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4.2 Tasks and stimuli (Study I, II and III)
The tasks performed during scanning in the studies were visual 1-back WM tasks
(Vuontela et al. 2013). The n-back task is a typical WM task in which the subjects are
presented with a sequence of stimuli, and they need to indicate whether the current one
matches the one from n (0, 1, 2, or more) steps back. The n-back task has the advantage
that the task difficulty can be systematically varied by adjusting the memory load factor n
(Baddeley 2007). These tasks have been widely used previously and proven suitable for
investigating cognitive processes in school-aged children (Casey et al. 1995; Nelson et al.
2000; Taylor et al. 2012; Vuontela et al. 2003, 2009). The visual stimuli in this study were
grey-scale images of natural scenes and neutral faces. The face images were male and
female faces of European descent, collected from the FERET (Face Recognition
Technology) database (Phillips et al. 2000) and the AR Face Database (Martinez and
Benavente, 1998). The scene pictures illustrating spring/summer seasons were selected
from the Groningen Natural Image Database (van Hateren and van der Schaaf 1998),
whereas winter season pictures were photographed by one of my colleagues (V.V.). The
gender of the face images and season of the scene images were kept constant within a
given block. Each image was shown only once, except in match conditions in which the
previous image was presented again. Stimuli were 250 pixels wide by 350 pixels tall.
All tasks and the experimental protocol are illustrated in Figure 3A. The participants
performed four different types of 1-back WM tasks, two of which served only as functional
localizer tasks (Kriegeskorte et al. 2009, 2010) to determine the cortical areas for the
ROIs, such as the FFA, PPA and RSC. The functional localizers were face-1-back (F task)
and scene-1-back (S task) tasks (Epstein and Kanwisher 1998; Kanwisher et al. 1997). In
the performance of the tasks, the participants were presented with face (F task) or scene
(S task) images (duration of images, 300 ms; inter-stimulus interval (ISI), 1450 ms), and
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were instructed to press a button whenever the face or scene in the F or S task was the
same as in the previously presented image.
The two other 1-back tasks were more complex, requiring suppression of a taskirrelevant stimulus between the two targets. In the remember-face-ignore-scene task (Fs
task), face images were targets and scene images distractors presented in between the
face images (duration of all images 300 ms, ISI 575 ms, inter-target interval (ITI) 1450 ms)
(Fig. 3A). The participants were instructed to attend to the targets and to ignore the
distractors and press a button whenever the target image was the same as the one in the
previous trial. A remember-scene-ignore-face task (Sf task) was similar to the Fs task
except that the scene images were targets and the face images distractors (Fig. 3A). In
addition, there was a rest condition (R) without task performing in between the tasks,
during which no images were presented and the participants were instructed to visually
fixate on a central cross on the screen.
Each participant performed three separate runs in total, each of which contained two
blocks of F, S, Fs, Sf and R conditions in a semi counterbalanced order (length of one run
= 7 min 30 s) (Fig. 3A). Each block began with the presentation of an instruction figure
(duration 2 s) followed by 20 trials of the task condition and ended with an 8 s interval of
visual fixation. Thus, in each run, 160 trials were performed, resulting in a total of 480
trials.
The 1-back task was chosen on the basis of earlier work from our group suggesting
that the 2-back task would have been too difficult for the 7–11-year-old children to perform
(Vuontela et al. 2003). In the performance of all tasks, the subjects were instructed to
maintain fixation and, in a match condition, to press the button as fast and as accurately as
possible. A computer program (Presentation, Neurobehavioral Systems, Inc. Berkeley,
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CA) presented the stimuli and collected the behavioral data consisting of the response
times (RTs), hits percentage (Hits), misses and false alarm rate (FA).
The task performance was followed by a 6-min resting state period, resulting in an
approximately 40 min duration for the whole imaging session, including the structural brain
imaging. During the resting state, the participants were instructed to lay still with their eyes
closed, to think of nothing in particular and not to fall asleep. The resting state data were
analyzed in Study III. After the imaging session, the participants filled in a questionnaire to
evaluate the level of alertness during the scanning and the difficulty level of the tasks using
a five-point scale (1 = very easy, 2 = easy, 3 = intermediate, 4 = difficult, 5 = very difficult).

4.3 Image acquisition (Study I, II and III)
The brain imaging data were acquired with a General Electric Signa® (Milwaukee, WI,
USA) (Studies I-III) and Siemens MAGNETOM Skyra (Erlangen, Germany) (Studies II and
III) 3.0 T MRI scanners at the Advanced Magnetic Imaging Centre of Aalto University
(Espoo, Finland). Hearing was protected by earplugs and earmuffs. Previous studies
suggest that fMRI data are reproducible across different scanners (Forsyth et al. 2014;
Gee et al. 2015), thus, we pooled data from the two scanners for further analysis (Studies
II and III). Visual stimuli were projected onto a screen outside the scanner bore and viewed
via a mirror mounted on the head coil. First, a set of 166 axial slices of high-resolution 3D
T1-weighted MRI scans was acquired using a magnetization-prepared rapid gradient echo
sequence (TR 10 ms, TE minimum, preparation time 300 ms, flip angle 15°, FOV 260 mm,
matrix size 256 x 256, in-plane resolution 1.0 mm x 1.0 mm). Functional images were
obtained first during the WM task performance and then during the resting state using a
gradient-echo planar imaging sequence (TR 2500 ms, TE 30 ms, flip angle 75°, FOV 220
mm, matrix size 64 x 64, in-plane resolution 3.5 x 3.5 mm). Each functional volume
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consisted of 43 axial slices of 3.4 mm with no inter-slice gap covering the whole cerebrum
and cerebellum.

4.4 Functional MRI data analysis
4.4.1 BOLD signal brain activity analysis (Study I and II)
Preprocessing and statistical analyses of the fMRI BOLD signal data were performed
using tools from the FSL analysis package (FMRIB’s Software Library, Oxford, UK).
Individual data preprocessing included brain extraction, motion correction, spatial
smoothing (8 mm FWHM Gaussian kernel) and high-pass temporal filtering equivalent to
170 s (0.006 Hz). Motion correction was carried out using the MCFLIRT tool (Jenkinson et
al. 2002) and brain extraction using the brain extraction tool (BET) (Smith 2002).
Estimated motion parameters (three rigid body translations and three rotations) were
examined in each participant individually. Functional MRI data were registered to the
individual's structural scan and the Montreal Neurological Institute 152 (MNI152) standard
space template with a 2 mm resolution using FMRIB's Linear Image Registration Tool
(FLIRT). One run of task fMRI data from three children was excluded from further analysis
due to excessive head movement (> 3.5 mm) during scanning.
Statistical maps of each participant’s functional time series data were generated via
multiple regression analyses computed for each voxel using FMRIB’s Improved Linear
Model (FILM) with local autocorrelation correction (Woolrich et al. 2001). Z statistic images
were set a threshold using clusters determined by Z > 2.3 and a GRF-theory-based
corrected cluster significance threshold of p < 0.05 (Worsley et al. 1992). The explanatory
variables (EVs) were defined for each block type (F, S, Fs and Sf tasks) and were
convolved with the double-gamma HRF model. The R condition was the unmodeled
baseline. Each EV yielded a parameter estimate (β values) map representing the
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magnitude of activity associated with the EV. The three separate runs from each subject
were combined in a second level analysis using FMRIB’s Local Analysis of Mixed Effects
(FLAME) (Beckmann et al. 2003) tool with fixed effects modeling.
To find significantly activated brain areas at the group level, we used the FLAME tool
with mixed effects modeling and thresholds of Z > 2.3 and p < 0.05 (corrected). The
means of the β values in the localizer tasks were contrasted with each other (F > S and
S > F), and in the Fs and Sf tasks with that in the R condition. A higher-level analysis with
mixed effects modeling was performed by repeated measures ANOVA to test by FLAME
for the task effect and the interaction of group × task. The group effect was tested by a two
sample unpaired t-test (fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM).
To assess the relative contribution of specific cortical regions to each task processing,
we functionally and anatomically defined face- and scene-selective ROIs bilaterally in the
FFA, PPA and RSC in each subject. The FFA was defined by using the F > S contrast,
whereas the PPA and RSC were defined by using the S > F contrast, individually. First, a
large ROI was functionally and structurally drawn in the corresponding brain regions within
the FG for FFA and within the parahippocampal and lingual gyri for the PPA and within the
retrosplenial cortex, posterior cingulate and medial parietal region for the RSC. Then, for
further statistical analysis, a smaller ROI was defined as a cluster that included seven
contiguous voxels with the highest β values within the large ROI in each subject
respectively (Gazzaley et al. 2005; Wendelken et al. 2011). Comparison of the signal
changes in the FFA, PPA and RSC in Fs and Sf tasks was performed within each age
group using a two-way repeated measure ANOVA with task contrast (Fs > R and Sf > R)
and hemisphere (left and right) as the within-subject factors by SPSS (http:// www01.ibm.com/software/analytics/spss/). The ANOVA was performed for the regions of FFA,
PPA and RSC separately. The significance level was set at p < 0.05. Planned contrasts

35

(within groups: paired two-tailed t-tests; between groups: unpaired two-tailed t-tests) were
performed when the ANOVA gave a significant main effect.

4.4.2 Seed-based FC analysis (Study I and II)
The preprocessing of the task fMRI data for seed-based FC analysis in Study I and II was
performed with statistic parametric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) and
included slice time and motion correction, realignment to the mean volume, co-registration
and normalization to the MNI152 standard template, high-pass temporal filtering with a cutoff of 170 s, and spatial smoothing with an 8 mm FWHM Gaussian kernel. In Study II, we
used the Artifact Detection Tool (http://www.nitrc.org/projects/artifact_detect/) to identify
outliers of the global BOLD signal and the scans with excessive motion. Outliers were
detected at the time points where the mean global signal exceeded three standard
deviations of the global mean signal across all voxels. In addition, a scan in the series was
considered problematic when the frame-wise measurement of total motion exceeded 1
mm. The detected movement parameter and problematic volumes were regressed out in
the first-level connectivity analyses.
FC analysis was performed using Functional Connectivity Toolbox Conn
(www.nitrc.org/projects/conn) (Whitfield-Gabrieli and Nieto-Castanon 2012). The analysis
uses an anatomical component-based noise-correction method (aCompCor) to estimate
noise (Behzadi et al. 2007). The confounding factors, defined as principle components of
the signals from the white matter and cerebrospinal fluid (CSF) regions, and as
realignment parameters and their first-order temporal derivatives, were removed. The
mean global brain signal was not regressed out in order to enhance the sensitivity and
specificity of positive correlations and not to produce artifactual negative correlations (Chai
et al. 2012).
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In Study I, we performed ROI-to-ROI FC analyses by using the individually defined
seven-voxel FFA and PPA ROIs (described in section 4.4.1) as seeds, and estimated FC
between these ROIs and a set of four prefrontal ROIs in the Fs and Sf tasks. We
specifically tested the a priori hypothesis that FC between the FFA and PPA ROIs and
brain areas in the PFC that activated in the current study, is weaker in children than adults.
The prefrontal ROIs were defined based on the whole-brain ANOVA result that showed
stronger activation in children than adults. The ROIs were 6 mm spheres in the left and
right MFG and right anterior MFG and an 8 mm sphere in the SFGmed centered around
the peak intensity voxel in the whole-brain ANOVA result. Correlation maps were first
produced for each individual, and then pooled for all participants. The two-sided t-tests
were performed to investigate connectivity within each group and to identify regions with
differential connectivity between the two groups. Results were limited at a threshold with
an FDR-corrected p < 0.05.
In Study II, we performed seed-to-whole brain FC analyses for each individually
defined seven-voxel rRSC and lRSC ROI and estimated the FC between these ROIs and
all other voxels of the brain in Fs and Sf tasks. The analyses were performed similarly to
the FC analysis in Study I. Results were limited at a threshold with a combination of a
voxel-level uncorrected p < 0.001 and a cluster extent FWE-corrected p < 0.05. We also
performed ROI-to-ROI analyses by using the individually defined RSC and PPA ROIs in 24
subjects (12 children and 12 adults with bilateral RSC and PPA ROIs) as seeds and
estimated the FC between these ROIs. Results were given a threshold at FDR-corrected p
< 0.05.
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4.4.3 Data-driven methods for brain networks analysis (Study III)
The resting state fMRI data were obtained in 14 of 16 children and all adults. The
preprocessing of individual data was the same as for the fMRI BOLD signal data analysis,
except that the spatial smoothing was 5 mm FWHM Gaussian kernel, and high-pass
temporal filtering was equivalent to 100 s (0.01 Hz). The task fMRI data were obtained
from all subjects. The preprocessing of task fMRI data was similar as for the resting state
data. One run of task fMRI data from three children was excluded from further analysis
due to excessive head movement (> 3.5 mm) during scanning.
The fMRI data collected during the resting state and task performance were analyzed
using Multivariate Exploratory Linear Optimized Decomposition into Independent
Components (MELODIC) package in FSL (Beckmann et al. 2005) by probabilistic
independent component analysis (PICA) (Beckmann and Smith 2004). In the task fMRI
MELODIC analysis, a temporal design matrix was set in the post-stats in order to identify
task-related components.
In addition, we used a toolbox – the FMRIB's ICA-based Xnoiseifier – FIX (v1.061
beta) (Griffanti et al. 2014; Salimi-Khorshidi et al. 2014) – to reduce the influences of head
motion and other nuisance noise on the FC. The FIX first semi-automatically classified
MELODIC ICA output of the single-run into 'good' and 'bad' components by employing
machine learning approaches. Then, the bad components and motion confounds with 24
motion parameters were regressed out of the preprocessed 4D fMRI datasets. After
applying FIX cleaning, the level of movement was significantly reduced in the adults’ and
children’s data. The three runs of cleaned task fMRI data for each subject were averaged
into one session for further analyses.
For group ICA, the cleaned individual data of the resting state and task performance
were then fed into the MELODIC for group-level decomposition by the temporal
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concatenation approach and tensor-PICA analysis (Beckmann and Smith 2005),
respectively. By visual inspection, we identified the neurocognitive ICNs out of all the
signal components obtained from the combined group resting state data of 14 adults and
14 children, including the DMN, FPN, DAN, CON and FN, and used them as spatial
templates for further analyses.
The between-subject analysis of the resting state and task fMRI data was carried out
using dual regression (Filippini et al. 2009) to generate subject-specific versions of the
spatial maps and associated time-series. First, the obtained spatial maps of neurocognitive
ICNs were used as spatial regressors in a multiple regression analysis against the cleaned
individual dataset to generate a set of subject-specific time-series associated with the
spatial templates. Then, the individual time-series data were demeaned and variancenormalized, and used as temporal regressors to produce a set of subject-specific spatial
maps. The obtained correlation values in these spatial maps were transformed into z-score
maps, reflecting the degree of within-network FC. Finally, the group differences and the
differences between resting state and tasks in each group were tested by using the
randomize nonparametric permutation-testing tool (5000 permutations) (Nichols and
Holmes 2002; Winkler et al. 2014). The threshold-free cluster enhancement (TFCE)
method (Smith and Nichols 2009) was used to control for voxel-wise multiple comparisons
across the whole brain and the FDR correction (Benjamini and Hochberg 1995) was used
to control for multiple comparisons across the studied components. The resulting spatial
maps were set a threshold at a p-level of 0.05.
The matrix of between-network connection strengths for each subject was computed
by the FSLNets toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) using the subjectspecific time-courses of the networks generated by the dual regression analysis. Then,
permutation tests (5000 permutations) with multiple comparison correction (Smith et al.
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2013) were used to compare the group differences of between-network FC strengths for
the resting state and WM task data, and to compare the FC differences between the
resting state and tasks in each group, respectively.
A repeated-measure ANOVA in SPSS software was used to test for the interaction of
group x brain state (resting state and tasks). In the resting state and tasks, the strength of
within-network FC was represented by the average z-score across all voxels in each of the
11 neurocognitive networks, and the strength of between-network FC was calculated as
the transformed z value from partial correlation analyses in FSLnets for each subject.

4.5 Voxel-based morphometry (VBM) analysis (Study III)
It has been suggested that the functional network changes across development may be
related to the morphological changes in the GM (Sowell et al. 2001; Supekar et al. 2010;
Bazargani et al. 2014). Therefore, the optimized VBM protocol (Good et al. 2001) using
FSL tools (Smith et al. 2004) was conducted to assess the group GM differences in the
brain regions which showed resting state FC differences between groups. First, the
structural images of all subjects were brain-extracted and GM-segmented and registered
to the standard space using non-linear registration (Andersson et al. 2007). The resulting
images were averaged and flipped along the x-axis to create a study-specific left-right
symmetric template. Second, all native GM images were registered to this template nonlinearly and "modulated" to correct for local expansion (or contraction) due to the nonlinear spatial transformation. The modulated GM images were then smoothed with an
isotropic Gaussian kernel with a sigma of 2 mm (~5 mm FWHM). Finally, voxel-wise GLM
with nonparametric permutation tests (5000 permutations) and multiple comparisons
correction using the TFCE method was applied. Statistical testing was restricted to voxels
where children had significantly different resting state FC compared to adults. A covariate
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was applied for the statistical analysis to exclude the scanner effects. The significant
voxels were given a threshold at the p level of 0.05 (corrected).

4.6 Behavioral data analysis (Study I, II and III)
A two-way ANOVA for repeated measures, with task (F, S, Fs, Sf) as the within-subjects
factor and age group (children, adults) as the between-subjects factor, was used for the
analysis of the behavioral data and the difficulty evaluations by SPSS software. Post hoc
analyses were performed following a significant main effect (p < 0.05) given by ANOVA.
The performance accuracy (i.e., sensitivity (d’)) was calculated as the difference between
the inverse of the standard normal cumulative distribution of Hits and FAs (Stanislaw and
Todorov 1999).
Because a button-press was required only in match trials, the total number of
responses in each task was low. Therefore, for the following correlation analyses in Study
III, the behavioral data was collapsed across the four task conditions in order to increase
statistical power. Pearson correlation analyses included possible relationships between
age, behavioral parameters (d’ and RTs) and the task-evoked FC strength of the
neurocognitive ICNs (Motulsky, 2003). The mean connectivity strength of the ICNs in each
subject was calculated as the average z-score across all voxels in the given network, as
described above. Possible outliers were identified by Cook’s Distance (Cook 1977) and
then excluded from the correlation analyses. In all correlation tests, Bonferroni correction
was performed for the number of network tested and the statistical significance level was
set at p < 0.0044.
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Fig. 3. Experimental design (A) and behavioral performance of the tasks (B). F, face-1-back
task; S, scene-1-back task; Fs, remember-face-ignore-scene task; Sf, remember-sceneignore-face task; R, rest condition. This picture is modified from Study II (Jiang et al. 2014).
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5 Results and discussion
5.1 Behavioral results
Overall, adults, compared to children, performed the tasks with higher accuracy, as
demonstrated by a higher sensitivity index (d’; F(1,30) = 21.73, p < 0.0001, partial η2 = 0.42),
suggesting the tasks were more difficult for children and the cognitive ability in children is
still developing. There could be several reasons to explain the task performance
differences between the age groups, for example, the core brain regions and functional
networks involved in WM is immature in children, or children may fail to use strategies to
execute the tasks (Luna et al. 2010). In the subjective evaluation of the task difficulty,
children evaluated the tasks as more difficult than adults (F(1,30) = 15.76, p = 0.0004, partial
η2 = 0.34), and both groups evaluated the F task as the easiest and the Sf task as the
most difficult (Fig. 3B). The repeated-measures ANOVA showed that adults compared to
children, had higher performance accuracy (reflected as a higher d’, hit percentage, and
lower errors in Study I-III, all p < 0.05) and shorter response times (statistically significant
in Study I and II with p < 0.05, but not significant in Study III with p = 0.06). Average RTs
and accuracies of each task for adults and children are shown in Fig. 3B. In children,
accuracy of the task performance correlated positively with age (r = 0.736, p = 0.002).

5.2 The whole brain voxel-wise analysis in children and adults (Study I and II)
A mixed effects whole-brain analysis was applied to examine group differences and task ×
group interactions of the task-related brain activation patterns. In Study II, the results
showed brain regions with a significant task effect (F(1,27) = 5.91, p < 0.05), group
differences (two sample unpaired t-test, p < 0.05) and a group × task interaction (F(1,27) =
1.22, p < 0.05). Several prefrontal regions were activated more in children than adults,
while adults activated subareas in the insular, cingulate and parietal cortices more than
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children. Regions in the medPFC, cingulate and subcallosal cortices showed a significant
group × task interaction. To understand the source of the interaction, three spherical ROIs
(radius 6 mm, medPFC and cingulate; radius 5 mm, subcallosal) were drawn to those
regions that included the local maximum of each voxel cluster for the between-group
comparisons of the brain activity in the regions. The results showed that the BOLD signal
difference between the Fs and Sf tasks contrasted with the rest condition [(Fs > R) – (Sf >
R)] was significantly larger in adults than children in all ROIs. The medial prefrontal,
anterior cingulate and subcallosal cortices have previously been implicated to support
error detection and performance monitoring, and to retain a response state (Luna et al.
2010; Polli et al. 2005; Rushworth et al. 2007). Thus, the stronger task-dependent
modulation of these brain regions in the adults of the present study might be related to
their better ability to allocate attentional resources to the task at hand and perform the task
successfully. These results also suggest that brain regions and networks facilitating task
performance are still in the process of maturation in 7–11-year-old children. In Study I, the
ANOVA of the whole-brain fMRI data also showed a significant group effect (F(1,50) = 2.78,
p < 0.05) and task effect (F(1,50) = 1.84, p < 0.05), but no significant group × task interaction
(p > 0.05). The reasons to explain why Study II, but not Study I, gave a significant group ×
task interaction are two-fold. First, the number of adult subjects was increased in Study II
compared to Study I, which resulted in more statistical power. On the other hand,
according to the instruction updates of the toolbox, the analysis methods were a bit
different, so that the interaction and main effects were modeled in different ways in Study I
and II.
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5.3 The FFA, PPA and RSC in children and adults (Study I and II)
In Study I, the left FFA (lFFA) was only detected in a subgroup of adults and children by
using the F > S contrast, thus the lFFA data was not included in further analyses. The right
FFA (rFFA) was detected in 11/16 children and 10/11 adults by using the F > S contrast.
The x, y, and z coordinates of the location of the voxel with peak activation in the rFFA did
not differ between the groups (all p > 0.05). The ANOVA showed a main effect of task
(F(1,19) = 32.45, p < 0.0001), and post hoc analysis showed stronger BOLD responses in
the Fs than Sf task (t(19) = 5.70, p < 0.0001). There was also a significant group × task
interaction (F(1,19) = 6.49, p = 0.02). The post hoc analyses showed that the response was
significantly larger in the Fs than Sf task in adults (t(9) = 6.05, p = 0.0002), but not quite
significant in children (p = 0.06), and the activity differences in the FFA between the Fs
and Sf tasks was larger in adults than children (Fig. 4A). These results suggest that the
modulation of brain activity in the FFA between the tasks requiring the subjects to
remember and ignore faces is still immature in 7–11-year-old children.
The PPA was detected bilaterally in all adults and in 14/16 children by using the S > F
contrast. The location of the voxel with the peak activation in the bilateral PPA did not
differ between the groups (all p > 0.05). The three-way ANOVA results showed a
significant task effect (F(1,23) = 112.67, p < 0.0001) and a task × hemisphere interaction
(F(1,23) = 5.44, p = 0.029). The activity of the PPA was stronger in the Sf than Fs task (t(23) =
10.61, p < 0.0001), and the difference between the Sf and Fs tasks was larger in the left
than right hemisphere (t(23) = 2.33, p = 0.029). There were no significant group differences
and no task × group interaction (Fig. 4B). The results suggest that, in children, the
modulation of brain activity in the PPA between tasks requiring remembering and ignoring
scenes is already at the adult level.
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In Study II, the RSC was detected bilaterally in 13/16 children and 12/13 adults by
using the S > F contrast. The x, y, and z coordinates of the location of the voxel with peak
activation in the bilateral RSC did not differ between the groups (all p > 0.05). The activity
of the RSC was stronger in the Sf than Fs task in children (F(1,12) = 29.86, p = 0.0001) and
adults (F(1,11) = 72.83, p < 0.0001), and stronger in the right than left side in both groups
(children, F(1,12) = 6.79, p = 0.023; adults, F(1,11) = 9.29, p = 0.011). Direct comparisons of
the RSC BOLD signal across groups showed a significant task × group interaction (F (1,23) =
4.95, p = 0.036). The post hoc analysis showed that the response was stronger in the Sf
than Fs task in the RSC in both groups, and the BOLD signal difference between the Sf
and Fs tasks contrasted with the rest condition [(Sf > R) - (Fs > R)] was larger in children
than adults (Fig. 4C). These results are quite interesting, implying that the RSC is
functionally involved in the recognition of scenes in both groups, but the ability to modulate
the activity in the RSC between tasks requiring to remember and ignore scenes is still
developing in 7–11-year-old children. I will further discuss these findings in Chapter 5.5.

Fig. 4. Responsiveness of the rFFA, PPA and RSC. (A) The BOLD signal difference (∆ signal
change) in the FFA between the Fs and Sf tasks contrasted with the R condition was larger in
adults than children (analyzed by t-test), whereas (B) the activity differences between the Sf and
Fs tasks in the left and right PPA were comparable between children and adults (analyzed by
repeated measure ANOVA test). (C) The activity difference between the Sf and Fs tasks in the
left and right RSC was larger in children than adults (analyzed by repeated measure ANOVA
test). FFA, fusiform face area; PPA, parahippocampal place area; RSC, retrosplenial complex; r,
right. *p < 0.05. This picture is modified from Study I and II (Vuontela et al. 2013 and Jiang et al.
2014).
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5.4 Functional connectivity of the FFA, PPA and RSC (Study I and II)
In Study I, the seed-to-seed FC analysis showed that adults compared to children, had
stronger FC between the rFFA and lMFG in the Fs task (t(18) = 3.35, p = 0.021, FDR
corrected), which was due to significant positive correlation between the signals of these
areas in adults (r = 0.10, t(9) = 4.65, p = 0.007, FDR corrected) but not in children (p >
0.05) (Fig. 5A). Based on previous evidence that the MFG may function as the source of
top-down regulation on the visual association cortex (Braver and Ruge, 2006; Gazzaley
and Nobre 2012; Gazzaley et al. 2007), the weaker FC between the rFFA and lMFG in
children than adults may underlie the lower regulation of activity in the FFA in children.
Children relative to adults had stronger FC between the rMFG and SFGmed (t(18) = 3.44, p
= 0.017, FDR corrected) and between the rFFA and rPPA (t(18) = 4.91, p = 0.0007, FDR
corrected) in the Sf task (Fig. 5B), which was due to a significant positive correlation in
children between these areas but not in adults. These results are in line with previous
findings indicating stronger local functional connection in children than adults (Fair et al.
2007, 2009). No significant group differences in the FC between the PPA and the
prefrontal ROIs were found in either task (all p > 0.05). These results further support the
suggestion that the modulation of brain activity in the PPA is already at the adult level in 7–
11-year-old children.
In Study II, a seed-to-whole brain FC analysis was performed with the bilateral RSC
as seeds in the tasks in each group. In the Fs task, children showed significant positive FC
between the RSC and brain regions in the frontal cortex as well as in the parietal, temporal
and visual cortices, whereas adults had significant positive correlation between the RSC
and regions in the parietal, temporal and visual cortices. Both groups also had a significant
negative correlation between the RSC and clusters in the frontal cortex. In the Sf task,
both groups had only positive FC between the RSC and brain regions in the parietal,
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temporal and visual cortices. In children, FC was significantly stronger in the Sf than Fs
task between the lRSC and the rFG. No significant FC differences were found between the
tasks in adults. The group comparison showed that, in the Sf task, the FC between the
rRSC and areas in the left IPL/IPS was stronger in children than adults, which was due to
positive FC in children (t(12) = 6.11, p < 0.001) and no significant FC in adults (p = 0.074)
between these areas (Fig. 5C). Previous works suggest that the IPL/IPS contributes to the
top-down control processes in WM tasks, such as allocating and maintaining attention
(Corbetta and Shulman 2002; Owen et al. 2005). The finding of the stronger FC between
RSC and these regions in children compared to adults may imply that during maturation,
brain networks undergo dynamic changes and subjects of different ages may recruit
different neural circuits to support the same cognitive task.
In addition, to investigate whether FC between the RSC and brain regions involved in
cognitive control was related to the task performance, three ROIs were drawn to the
prefrontal and one to the cingulate cortical regions. These ROIs included all voxels that
showed FC with the RSC seeds in the whole-brain FC analysis in children or adults, and
were located to: (1) left SFG/MFG, (2) right orbitofrontal cortex (OFC)/IFG, (3) left
OFC/Insula, and (4) middle cingulate (midCC) regions. A positive correlation was found
between the rRSC-to-midCC connectivity and RT (r = 0.850, p < 0.01, Bonferroni
corrected) in the Sf task in children (Fig. 5D). No other significant correlations were found.
Previous studies suggest that the midCC plays a central role in top-down control of
attention (Dosenbach et al. 2008; Kelly et al. 2009). The stronger FC in children than
adults between the rRSC and the areas involved in WM and attention may indicate that
children require a stronger effort to perform the tasks.
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Fig. 5. ROI-based FC. (A) In the Fs task, the FC between rFFA and left MFG was stronger in
adults than children. (B) In the Sf task, the FC between the SFGmed and right MFG, and
between the rFFA and rPPA was stronger in children than adults. (C) Children compared to
adults had stronger FC between the rRSC and regions in the left IPL/IPS in the Sf task. (D) In
children, the strength of FC between the rRSC and midCC was positively correlated with
response time in the Sf task. FFA, fusiform face area; IPL, inferior parietal lobule; IPS,
intraparietal sulcus; MFG, middle frontal gyrus; midCC, middle part of cingular cortex; PPA,
parahippocampal place area; RSC, retrosplenial complex; SFG, superior frontal gyrus; med,
medial; Fs, remember-face-ignore-scene task; Sf, remember-scene-ignore-face task; l, left; R,r,
right. **p < 0.01, ***p < 0.001. This picture is adapted from Study I and II (Vuontela et al. 2013
and Jiang et al. 2014).

5.5 Comparison between the RSC and PPA (Study II)
The BOLD signal magnitude between the two scene-sensitive areas (RSC, PPA) was
compared to investigate the differences in the responsiveness of these areas. A four-way
ANOVA with ROI, task and hemisphere as within-subject factors and age group as a
between-subject factor was applied for the comparisons between the activity of the RSC
and PPA in those subjects where both the RSC and PPA could be bilaterally defined
(children n = 12; adults n = 12). Results showed that the activity was stronger in the PPA
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than RSC (F(1,23) = 138.51, p < 0.0001, partial η2 = 0.86), stronger in the Sf than Fs task
(F(1,23) = 106.83, p < 0.0001, partial η2 = 0.83), and stronger in the right than left side (F(1,23)
= 7.9, p = 0.01, partial η2 = 0.26). There was a ROI × task (F(1,23) = 14.44, p = 0.001, partial
η2 = 0.40) and a ROI × task × group (F(1,23) = 16.12, p = 0.0006, partial η2 = 0.42)
interaction, which indicates that the modulation of the response between attended and
ignored scene stimuli was larger in the PPA than RSC in adults, but not in children (Fig.
6A). This result suggests that the RSC is more involved in the tasks requiring attending to
and ignoring scene stimuli in children compared to adults, which is also evident in Figure
4C which shows that the activity difference between the Sf and Fs tasks in the RSC was
larger in children than adults.
In children, the mean activity of the RSC correlated positively with that in the PPA in
both tasks. In adults, significant correlation was found only between the activity of the
rRSC and lPPA in the Fs task (r = 0.75, p = 0.005). These results suggest that the RSC
and PPA play similar roles in scene-related recognition in children but not in adults.
The seed-to-seed FC analysis between the RSC and PPA showed that children, compared
to adults, had stronger FC between the lRSC and lPPA (t(22) = 2.66, p = 0.042, FDR
corrected), the lRSC and rPPA (t(22) = 3.09, p = 0.032, FDR corrected) and between the
rRSC and rPPA (t(22) = 2.44, p = 0.046, FDR corrected) in the Fs task (Fig. 6B). These
differences were all due to stronger positive correlations in children than adults between
the corresponding areas. The above described activation patterns and FC results suggest
that the RSC and PPA are less functionally segregated in children than adults. This
conclusion is in line with the interactive specialization theory of brain maturation (Johnson
2001; Johnson et al. 2009) suggesting that the responsiveness of a brain region and its FC
pattern becomes more specialized over the course of development.
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Fig. 6. Comparison between the RSC and
PPA. (A) The signal difference between the Sf
and Fs tasks was larger in the PPA than RSC
bilaterally in adults but not in children
(analyzed by repeated measure ANOVA test).
(B) The FC between the RSC and PPA in the
Fs tasks was stronger in children than adults
(analyzed by t-test). PPA, parahippocampal
place area; RSC, retrosplenial complex; l, left;
R, r, right. *p < 0.05, **p < 0.01, ***p < 0.001.
This figure is modified from Study II (Jiang et
al. 2014).

5.6 Neurocognitive networks (Study III)
After visual inspection of the combined group ICA, 11 independent components (ICs) were
identified to represent the neurocognitive networks and their subnetworks (Damoiseaux et
al. 2006; Rytty et al. 2013; Smith et al. 2009), including the DMN, FPN, DAN, CON and
FN. The DMN consisted of anterior (aDMN), posterior (pDMN) and ventral (vDMN)
networks, and the FPN included left (lFPN) and right (rFPN) networks. These networks
were used as spatial templates to investigate the differences in FC between resting state
and tasks in children and adults separately, and the FC differences between children and
adults during the resting state and tasks. The 11 intrinsically-organized neurocognitive
networks that were identified in the combined group ICA were also detected in the
separate adult data, whereas in the children data, only 10 of the 11 ICs were identified.
There were two lFPNs (lFPN1, lFPN2) in adults, while only one lFPN in children, whose
spatial distribution of core regions resembled that of the lFPN1 in adults. These results of
the resting state ICA suggesting that the general architecture of the ICNs is already
established in young school-aged children, are in line with earlier reports on FC in children
(Jolles et al. 2011; Thomason et al. 2011).
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5.7 Group differences of FC strength in the ICNs during the resting state and tasks
During the resting state, children, compared to adults, had a significantly higher degree of
within-network FC in the ACC within the subnetwork of CON (CON1) (peak voxel
coordinates -6, 2, 36) (p < 0.05, FDR corrected, cluster size > 10 voxels) and stronger FC
between aDMN and FN (Fig. 7). The group comparison suggests that although the general
architecture of the ICNs is already established in children, the FC of the networks are still
undergoing fine-tuning processes.

Fig. 7. Hyperconnectivity of the ICNs in children, compared to adults, during the resting state.
Using combined group ICNs as templates for dual regression, the between-group comparison
showed that children, compared to adults, had a significantly stronger FC in the ACC within the
CON1 (left panel) (p < 0.05, FDR corrected, cluster size > 10 voxels), and a stronger
connectivity between aDMN and FN. Significant FC differences are presented in blue. All
statistical maps are displayed on selected slice planes of the MNI152 standard brain template.
ACC, anterior cingulate cortex; CON, cingulo-opercular network; DMN, default mode network;
FN, frontopolar network; a, anterior; R, right. This figure is adapted from Study III (Jiang et al.
submitted manuscript).

During tasks, the between-group comparison of the FC showed that children, relative
to adults, had significantly stronger within-network connectivity in five networks, including
the ICNs that represent the DMN, CON, and FPN (p < 0.05, FDR corrected, cluster size >
10 voxels) (Fig. 8A). No networks showed stronger FC in adults relative to children. Since
children had lower task performance accuracy compared to adults, the d’ was used as a
covariate in the permutation tests to control for the performance difference between the
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groups. After regressing out task performance accuracy differences, two ICNs still showed
significantly stronger within-network FC in children relative to adults: the retrosplenial
cortex within the vDMN (peak voxel coordinates 6, -58, 8) and the ACC within the CON1
(peak voxel coordinates 6, 30, 28), suggesting that the FC differences in these networks
between the groups were not related to the group differences in task performance.
However, the finding that the group differences in FC within the aDMN, rFPN and CON2
disappeared after controlling for task accuracy, suggests that the functions of these
networks are important for the accuracy of task performance.
Partial correlation analysis implemented in FSLnets for group comparison of betweennetwork connectivity showed that adults, relative to children, had stronger FC between
aDMN and rFPN, and between lFPN1 and lFPN2, during tasks (Fig. 8B). These group
differences were due to a significant positive correlation between aDMN and rFPN in
adults but not children, and a stronger positive correlation between lFPN1 and lFPN2 in
adults than children. However, after controlling for the group differences in task
performance accuracy, the stronger between-network FC in adults than children
disappeared, which suggests that the DMN and FPN play an important role in task
performance. In addition, consistent with the result in the resting state, children, relative to
adults, had stronger FC between the aDMN and FN (Fig. 8C), a result that remained even
after regressing out the effect of task accuracy. This result suggests that the aDMN and
FN are functionally less segregated in children than adults, which is in line with the
suggestion that FC strength between regions close in anatomical space decrease during
development (Fair et al. 2007, 2009).

53

Fig. 8. FC differences of the ICNs between children and adults during task performance. Using
combined group ICNs as templates for dual regression, the between-group comparisons
showed that (A) children, compared to adults, had higher FC in five ICNs representing the
aDMN, vDMN, rFPN, CON1 and CON2 (p < 0.05, FDR corrected, cluster size > 10 voxels). The
statistical maps of significant FC differences are presented in blue. (B) The between-network
FC group comparison showed that adults, compared to children, had stronger connectivity
between aDMN and rFPN, and between the two lFPN subnetworks, whereas children had
stronger connectivity between aDMN and FN than adults. All statistical maps are displayed on
selected slice planes of the MNI152 standard brain template. ACC, anterior cingulate cortex;
CG, cingulate gyrus; CON, cingulo-opercular network; DMN, default mode network; FN,
frontopolar network; FPN, frontoparietal network; IFG, inferior frontal gyrus; MFG, middle frontal
gyrus; PFC, prefrontal cortex; RC, retrosplenial cortex; SFG, superior frontal gyrus; a, anterior;
v, ventral; med, medial part; l, left; R, r, right. This picture is adapted from Study III (Jiang et al.
submitted manuscript).
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5.8 Differences in the FC strength of ICNs between the resting state and tasks
The comparison of FC strength between the resting state and tasks in each group showed
that both groups had significantly weaker within-network FC in several networks during
tasks compared to the resting state (p < 0.05, FDR corrected, cluster size > 10 contiguous
voxels): in four networks in children (the vDMN, rFPN, DAN and CON1 (Fig. 9A)), and in
nine networks in adults (aDMN, pDMN1, vDMN, rFPN, lFPN2, CON1, CON2, DAN and
FN (Fig. 9B)). The comparison between the brain states (resting state and tasks) of
between-network connectivity showed that, in adults, the negative connectivity between
the aDMN and lFPN2 was significantly stronger during task performance relative to the
resting state (Fig. 9C). Children, on the other hand, had no significant between-network
connectivity differences between the two conditions. These findings of weaker withinnetwork FC and stronger between-network FC during task performance compared to the
resting state in adults result in a less modular brain network organization during tasks,
which may facilitate information processing to support task performance in adults
(Kitzbichler et al. 2011). However, children only had significant differences in withinnetwork FC, but not between-network FC between the two states, suggesting that children,
compared to adults, may rely on a different pattern of FC changes during task
performance.
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Fig. 9. FC strength differences of ICNs
between the resting state and tasks in
children and adults. (A) In children, the
FC strength within the vDMN, rFPN,
DAN and CON1 was significantly
weaker during tasks compared to the
resting state (p < 0.05, FDR corrected,
cluster size > 10 voxels). (B) In adults,
FC within nine ICNs was significantly
weaker during tasks compared to the
resting state (p < 0.05, FDR corrected,
cluster size > 10 voxels). (C) Adults
showed a significantly stronger negative
correlation between lFPN2 and aDMN
during task performance relative to the
resting state. CON, cingulo-opercular
network; DAN, dorsal attentional
network; DMN, default mode network;
FN, frontopolar network; FP, frontal
pole; FPN, frontoparietal network; IFG,
inferior frontal gyrus; IPL, inferior
parietal lobule; MFG, middle frontal
gyrus; paraCG, paracingulate gyrus;
PFC, prefrontal cortex; preCun,
precuneus; RC, retrosplenial cortex;
SPL, superior parietal lobule; a, anterior;
p, posterior; v, ventral; med, medial; l,
left; R, r, right. (Jiang et al. unpublished
data)

To investigate whether the changes in brain network connectivity between tasks and
the resting state differed between children and adults, a repeated-measures ANOVA using
SPSS software was performed to test for the interaction of group x brain state (resting
state and tasks). A significant group × brain state interaction was demonstrated in the FC
within the rFPN (F(1,28) = 8.89, p = 0.0059, partial η2 = 0.24), and in the FC between aDMN
and rFPN (F(1,28) = 6.15, p = 0.019, partial η2 = 0.18), and between aDMN and lFPN2
(F(1,28) = 5.69, p = 0.024, partial η2 = 0.17). The post hoc analysis showed that the average
within-network FC in the rFPN was significantly stronger in tasks than the resting state in
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children (t(13) = 3.52, p = 0.0038), but not in adults (p = 0.29) (Fig. 10A). Furthermore,
children (t(13) = 4.01, p = 0.0015), but not adults (p = 0.99), had significantly weaker FC
between aDMN and rFPN in tasks compared to the resting state (Fig. 10B), whereas
adults (t(15) = 3.67, p = 0.0023), but not children (p = 0.76), had significantly stronger
negative connectivity between aDMN and lFPN2 during tasks than the resting state (Fig.
10C). These results, together with the results of the within-group comparisons between
task and the resting state, suggest that children, compared to adults, rely more on withinnetwork connectivity, whereas adults may rely more on between-network connectivity
during task performance.

Fig. 10. Group differences in FC strength of ICNs between the resting state and task
performance. The repeated measures ANOVA showed that in children but not adults, (A) the FC
strength within the rFPN was significantly stronger during tasks compared to the resting state,
and (B) the connectivity between the aDMN and rFPN was weaker in tasks than the resting
state. (C) In adults but not children, the negative correlation between the aDMN and lFPN2 was
significantly stronger during tasks than the resting state. DMN, default mode network; FPN,
frontoparietal network; RS, resting state; T, tasks; a, anterior; l, left; R, r, right. This picture is
adapted from Study III (Jiang et al. submitted manuscript).
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5.9 Associations of FC strength with age and behavior, and group differences in
VBM analysis (Study III)
The correlation analysis between FC strength and age showed that the FC within the
aDMN during task performance decreases with age in children (r = -0.73, p = 0.002). No
significant correlation was observed between FC strength and behavior (RT and d’) during
tasks. The task performance-related age-dependent changes in the FC of the aDMN are in
line with the other findings of Study III, indicating differences between children and adults
in FC within the aDMN and between this network and the FPN. Previous studies have
reported that the DMN plays an important role in cognitive control tasks (Buckner et al.
2008; Elton and Gao 2015; Weissman et al. 2006). Gao et al. (2013) found that the FC
within the DMN decreased during task performance compared to the resting state in
adults, and the greater FC changes correlated with better task performance. The finding of
age-dependent FC changes within the aDMN together with the poorer task performance in
7–11-year-old children, lend support to the suggestion that the DMN is undergoing a
development process in the children and the mature DMN is important for the success of
cognitive task performance.
In order to understand whether the group differences in the FC are correlated with
structural differences, we compared the GM volume between the groups in the brain
regions that showed stronger resting state FC in children than adults (i.e., the ACC within
CON1 and the brain regions of the aDMN and FN). The VBM analysis showed that
children, compared to adults, had a significantly larger GM volume in the brain areas within
the studies regions. This result lends support to the suggestion that the resting state FC
differences between different age groups are at least partly related to the morphological
developmental changes in the GM, such as synaptic pruning during brain maturation
(Sowell et al. 2001; Supekar et al. 2010; Bazargani et al. 2014).
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6 General discussion
In this thesis, fMRI data collected during the resting state and 1-back WM tasks were used
to investigate top-down modulation of brain activity in cortical areas related to visual
information processing and FC of the resting state and task-related brain networks in
healthy 7–11-year-old children and young adults. The age-range of 7-11-years was
chosen, because at this age, children attend the primary school and are accustomed to
follow instructions. Younger children may have difficulties in understanding the necessity
to stay still during scanning and not to move. By this age, the brain has reached about
95% of the adult brain size (Caviness et al. 1996). In children younger than 6 years, the
error related to spatial normalization of the brains to an adult brain is far greater than in
children over 6 years of age, who also have a similar pattern of glucose utilization as
adults (Muzik et al. 2000). This reduces problems related to the comparing of the brain
imaging results between the child and adult groups. Furthermore, our earlier studies in this
age group, helped to plan the difficulty level of the tasks and the length of the experiment
so that they were appropriate for the children.
Studies I and II found that top-down regulation of the visual association cortex, the
recruitment of the PFC, and the FC between these areas are still undergoing dynamic
changes in 7–11-year-old children. Study III found that 7–11-year-old children have
already established an adult-like pattern of resting state networks. However, children have
an immature ability to efficiently modulate the FC strength of these networks during tasks.
In the following paragraphs, I will discuss the different aspects of the findings separately.

6.1 Top-down regulation of the visual association cortex in 7–11-year-old children
In general, children performed the tasks less accurately compared to adults (Fig. 3),
suggesting that cognitive control abilities are still developing in children of this age. The
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three studies of this thesis sought to find neural mechanisms underlying the differences in
cognitive performance between 7–11-year old children and young adults.
The results of Study I demonstrated that the modulation of responses in the rFFA
between the tasks requiring either memorizing or ignoring faces was weaker in children
compared to adults. As the task paradigm was such that the same bottom-up visual
information was provided in both the Fs (remember faces) and Sf (ignore faces) tasks, the
finding of weaker activity modulation between the tasks in children than adults in the rFFA
(Fig. 4A) thus suggests that the top-down regulation of activity in the rFFA is still in the
process of maturation in pre-adolescent children (Bunge et al. 2002; Casey et al. 1997;
Luna et al. 2001; Olesen et al. 2007). Previous neuroimaging studies have suggested that
the PFC, including the subareas of the MFG, plays a role in cognitive control and may be
the source of top-down regulation of the visual association cortex (Braver and Ruge, 2006;
Gazzaley and Nobre 2012; Gazzaley et al. 2007). Accordingly, Study I found that children
recruited areas of the PFC, including subareas of the MFG, more than adults during the
task performance. The higher activity of the MFG may indicate that children require more
effort to perform the tasks, and suggests that the PFC that is involved in WM and
executive functions has a prolonged developmental time course (Geier et al. 2009; Tamm
et al. 2002). In addition, the results of Study I showed weaker FC between the rFFA and
left MFG in children than adults (Fig. 5A), which may explain the weaker regulation of
activity in the FFA in children compared to adults. However, in order to keep the scanning
time as short as possible, the experimental paradigm did not include a passive viewing
condition where the subjects only need to look at the pictures without any requirement to
perform a task. Thus, it is not possible to conclude with certainty whether the weaker
regulation of activity between the tasks in the rFFA in children, compared to adults, was
due to the children’s less efficient ability to maintain face images as targets in the Fs tasks
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or to unsuccessful suppression of face images as distractors during Sf tasks, or to both.
Interestingly, the weaker FC between the rFFA and left MFG in children than adults was
observed in the Fs tasks, which activated the FFA and required attending to face images.
Thus, this result may imply that children have an immature ability to support top-down
attentional enhancement of activity in the FFA. A recent work reported that microstructural
proliferation, such as the generation of dendritic arbors, in the fusiform gyrus occurs
continuously from childhood to adulthood (Gomez et al. 2017). The growth of dendritic
arbors may impact the spatial extent of receiving information from other neurons, which
may contribute to the improvement of face selectivity and face recognition during
development. However, further studies are needed to explore the underlying mechanisms.
Unlike in the rFFA, both children and adults effectively modulated the activity in the
PPA between the Fs and Sf tasks, according to the task demands (Fig. 4B). Furthermore,
no significant group differences were observed in the FC between the PPA and the
prefrontal ROIs in either task. These results suggest that the ability to modulate brain
activity in the PPA in children is quite similar to adults (Study I). These findings are also in
line with reports that the perception of landmarks in spatial cognition that involve functions
of the PPA matures at an early age (Jansen-Osmann and Fuchs 2006; Lehnung et al.
1998). The results of the current thesis regarding the PPA may at first seem to be in
conflict with the results in some other studies reporting that the volume of the PPA was
smaller (Golarai et al. 2007), the level of activation lower (Chai et al. 2010) and FC
between PPA and prefrontal regions weaker (Ofen et al. 2012) in children than adults. A
possible reason for the differences in results between the studies is that we used WM
tasks in which the difficulty level of the tasks was adjusted to be suitable for 7–11-year-old
children, which was reflected by their comparatively successful task performance with a
high accuracy (> 80%) and low false alarms rate (< 5%). For example, in the studies of
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Chai et al. (2010) and Ofen et al. (2012), the hit rate in the memory tasks using scenes as
stimuli was about 50% and the false alarms rate about 20% across all participants,
including children. Another reason for the differences might be the way the ROI in the PPA
was defined and the activity in the PPA studied. In Study I and II of the current thesis, the
PPA ROI was defined using the functional localizer tasks (F and S tasks). The ROI was
defined from the S > F contrast and the mean of the β-values of seven contiguous voxels,
including the voxel with the peak activity, represented the PPA, rather than the mean
activity of the whole activated region in different conditions with scene as the stimuli, as in
the other studies (Chai et al. 2010; Ofen et al. 2012).
Children exhibited stronger short-range FC than adults between the rFFA and rPPA
and between the rMFG and SFGmed in the Sf task (Study I) (Fig. 5B), which is in line with
other studies showing stronger local connections in children than adults (Fair et al. 2007,
2009; Power et al. 2010). These FC group differences also provide further evidence of the
lower functional segregation of short-distance brain regions in children than adults. The
observed differences between children and adults in the FC are likely due to several
factors including morphological changes over development, such as synaptic pruning and
myelination (Toga et al. 2006), and the influence of accumulating experience on the
function of the neural systems during development (Fair et al. 2009).
In Study II, the top-down regulation of activity in another scene-sensitive brain region,
the RSC, was investigated. The results showed that in adults, the attentional modulation of
activity, according to the task demands, was significantly weaker in the RSC than PPA
(Fig. 6A). Previous neuroimaging studies have suggested that the PPA and RSC have
different functions in spatial cognition. The PPA is involved in the processing of the
landmark and geometric information of the scenes (Epstein and Kanwisher 1998; Epstein
2008), while the RSC is involved in more complex processing, such as translating between
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egocentric and allocentric spatial information to generate a spatial map in the brain
(Epstein 2008; Epstein and Vass 2014). Accordingly, the results of Study II showed that in
adults, the PPA, relative to RSC, was functionally more engaged in the applied tasks,
where subjects may have used landmark or spatial layout information to remember the
scene stimuli. In children, however, the task-related modulation of activity in the RSC was
at the same level as in the PPA (Fig. 6A), and was significantly stronger than in adults
(Fig. 4C). This finding suggests that children recruited the RSC more than adults to
support the task performance, and that the function of the RSC was less segregated from
the PPA in children. In line with these suggestions, we also found that in children, the
magnitude of the BOLD signal in the RSC in the Fs and Sf tasks correlated positively with
the signal in the PPA, and the FC between the RSC and PPA in the Fs task was
significantly stronger in children relative to adults (Fig. 6B). Together, these findings in
PPA and RSC suggest that the maturation of the scenery-related neural processes in the
PPA and RSC follow a different time course, which is in accordance with the
developmental time course of spatial cognition suggesting that children first learn to use
landmarks, and then gradually develop higher level cognitive ability in navigation (JansenOsmann 2007; Vasilyeva and Bowers 2010). The results are also in line with the
interactive specialization theory of brain maturation (Johnson 2001; Johnson et al. 2009),
suggesting that the response properties of a brain region and its pattern of FC with other
regions become more specialized over the course of development.
One of the findings of Study II was a significantly stronger FC between the rRSC and
the left IPL/IPS in children than adults (Fig. 5C). The IPL/IPS region is also suggested to
support top-down control processes, such as allocating and maintaining attention during
WM tasks (Corbetta and Shulman 2002; Owen et al. 2005). The difference in FC between
the RSC and IPL/IPS between the two groups is in line with a previous study, which
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suggests that during development, functional brain networks undergo dynamic changes
and the same cognitive function may rely on different brain networks at different ages
(Johnson 2011).

6.2 Development of brain networks
In Study III, 11 neurocognitive networks were identified by using ICA for combined resting
state data from both groups. In addition, a similar number of neurocognitive networks in
the resting state was found in each group separately (11 in adults and 10 in children),
except that in adults, two left FPNs were identified (lFPN1 and lFPN2), but only one left
FPN (lFPN1) was detected in children. In line with earlier literature (Jolles et al. 2011;
Thomason et al. 2011), the results of the resting state ICA suggest that the general
architecture of the ICNs is already established in young school-aged children.
To avoid statistical bias, the neurocognitive networks obtained from the combined
group data were used as templates for dual regression and permutation tests to
investigate the FC differences of brain networks between groups, and between the resting
state and task performance in each group separately. The results showed mainly similar
FC of the ICNs between the children and adults during the resting state, suggesting that
not only the architecture, but also the FC strength of the ICNs is similar in 7–11-year-old
children as in young adults. However, some differences were also found between the
groups in the FC strength of the networks in the resting state, suggesting that the network
FC is still undergoing fine-tuning in children of this age group. This was shown in the
stronger resting state FC in children than adults in the ACC within the CON, and between
the aDMN and FN (Fig. 7). These findings are in line with the results of recent
developmental studies on resting state FC reporting that the connectivity strength within
the CON decreases from childhood to adulthood (Marek et al. 2015), and that the
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networks comprising brain regions in nearby areas are functionally less segregated in
children than adults (Fair et al. 2007, 2009). Accordingly, we also found that the GM
volumes were significantly larger in children than adults in the brain regions which showed
significantly stronger FC in children than adults. This result lends support to the suggestion
that the morphological changes, such as synaptic pruning, in the GM during development
may partially explain the FC differences in the resting state between the different age
groups (Bazargani et al. 2014; Jolles et al. 2011). These FC differences between the
groups reported in Study III were also found in the data obtained during tasks (Fig. 8),
even after controlling for performance accuracy differences, which provides vigorous
evidence of immaturity of the underlying neural circuitries in children.
The statistical analysis of the FC strength in Study III showed significant group × brain
state interaction in the FC within the rFPN (Fig. 10A), and in the FC between the aDMN
and rFPN (Fig. 10B), and between aDMN and lFPN2 (Fig. 10C). The FC within the rFPN
was stronger during task performance compared to the resting state in children but not in
adults, and during tasks, the FC within the rFPN was stronger in children compared to
adults. Furthermore, the FC between the aDMN and rFPN was weaker during tasks
compared to the resting state in children but not adults, and during tasks, the FC between
these networks was weaker in children compared to adults. The stronger FC within the
rFPN, and the weaker FC between the aDMN and rFPN in children than adults during
tasks may be explained by our previous finding that the visual 1-back tasks activated
predominantly right-sided frontoparietal areas in children compared to adults (Study II).
Together, the results of Study II and III suggest that unlike adults, children may rely more
on within-network connectivity, not on between-network connectivity, during task
performance. Moreover, in adults, the aDMN and lFPN2 were negatively correlated during
the resting state and tasks, this negative correlation was stronger during tasks compared
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to the resting state. This result is in accordance with a recent study in adults showing
stronger negative correlations between the DMN and FPN during tasks than resting state
(Douw et al. 2016). The interaction results together suggest that the DMN and FPN play
important roles in cognitive tasks in both children and adults, but they may function in
different ways to contribute to the task performance of the two age groups. Previous
studies found that the medPFC within the aDMN is involved in self-related processing and
demonstrated a consistent activation decrease during task performances compared to the
resting state (Fox and Raichle 2007; Fox et al. 2005; Greicius et al. 2003; Weissman et al.
2006). In contrast, the FPN shows activity increases during cognitive tasks, and is thought
to be crucial in selecting relevant information and maintaining task goals, despite
distractions in WM (Bressler and Menon 2010; Damoiseaux et al. 2006; Driver and
Frackowiak 2001; Fox et al. 2005; Laird et al. 2011; Menon 2011; Miller 2000). The finding
of stronger negative FC between the aDMN and FPN during task performance compared
to the resting state in adults could thus result in effectively allocating attentional resources
to the extrinsic executive processes supported by the FPN by suppressing task-irrelevant
self-related thinking supported by the aDMN.
Direct comparison of network FC between the groups by dual regression and
permutation tests showed that during tasks, children had several FC differences within and
between the networks compared to adults. During tasks, children, compared to adults,
showed stronger FC within five neurocognitive networks (aDMN, vDMN, rFPN, CON1,
CON2), stronger FC between the aDMN and FN, and weaker FC between the aDMN and
rFPN, and between the subnetworks of the lFPN (Fig. 8). These findings are in line with a
recent developmental neuroimaging study reporting several task-related FC differences
between children and adolescents (van den Bosch et al. 2014), which suggests that the
network connectivity among different age groups differs during task performance. Since
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children, compared to adults, had lower task performance accuracy, the observed group
FC differences during tasks might be associated with the level of task performance (Luna
et al. 2010). Therefore, the performance accuracy (d’) was used as a covariate in the
between-group comparisons of FC strength. After controlling for the performance
accuracy, two task-related group differences remained (i.e., stronger FC in children than
adults within the vDMN and CON1, and between the aDMN and the FN network), whereas
the other differences disappeared (including the stronger FC within the aDMN and rFPN,
and weaker FC between the aDMN and rFPN, and between subnetworks of the lFPN in
children than adults). The results of group differences in the task-related FC after
controlling for the performance accuracy further emphasizes that the DMN and FPN play
an important role in task performance, and corroborates a recent study (van den Bosch et
al. 2014) showing that performance differences are linked with the FC differences between
the groups.
The comparison of FC between the resting state and tasks in each group showed that
changes between the two states were found in a greater number of networks in adults than
in children (i.e., nine ICNs in adults including the aDMN, and four ICNs in children had
significantly weaker within-network FC during tasks than the resting state (Fig. 9)). These
findings lend support to recent neuroimaging studies in adults reporting that within-network
FC decreases and between-network connectivity increases during cognitive task
performance compared to the resting state (Cole et al 2014), especially regarding the
DMN (Elton and Gao 2015; Gao et al. 2013), resulting in a less modular brain network
organization to facilitate information processing during tasks (Kitzbichler et al. 2011). To
further support this suggestion, Study III found that adults had weaker task-related FC
within the aDMN than children, and that with increasing age, the FC within the aDMN
became weaker in children.

67

In summary, the current study found that 7–11-year-old children have an adult-like
pattern of resting state ICNs, but the FC strength differed between the two age groups,
especially during tasks. These results suggest that the neurodevelopment of the networks
that support cognitive control and executive functions still continues in young school-aged
children, and the mature ability to modulate the FC of these networks between brain states
is important for successful cognitive task performance.

6.3 Methodology considerations
6.3.1 Registration in common stereotactic space for child and adult subjects
In the developmental fMRI studies, one of the concerns is whether the differences in brain
morphology between children and adults influence the accuracy of anatomical registration
in a common stereotactic space, and might thus influence where the BOLD signal is
located. Previous studies have tested these influences and have shown that small
anatomical differences still exist between the brains of adults and children older than six
years of age, however, these differences do not result in spurious results in BOLD signal
analysis (Burgund et al. 2002; Muzik et al. 2000). Therefore, in the studies forming the
thesis, a common stereotactic space (the MNI brain), for the spatial normalization in
children and adults was used, in order to make direct statistical comparisons of the
functional data between the two age groups.
6.3.2 Methods to deal with artifacts
One of the major problems in developmental fMRI studies is that children tend to move in
the scanner more than adults. The motion-related noise could thus contaminate the real
signal and produce spurious group differences in developmental studies. For example,
head motion tends to increase short-distance and decrease long-distance correlations in
FC studies (Satterthwaite et al. 2012; Van Dijk et al. 2012). In the current studies, several
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methods were used to reduce motion-related effects, such as "motion scrubbing" (Power
et al. 2012), and the FMRIB's ICA-based Xnoiseifier toolbox – FIX (Griffanti et al. 2014;
Salimi-Khorshidi et al. 2014). The motion scrubbing method was performed by the Artifact
Detection Tool. It first detected the outliers of problematic volumes by thresholding framewise displacement that was calculated from six head realignment parameters. Then, the
nuisance variables, including the movement information and a list of problematic volumes,
were regressed out from the BOLD signals. On the other hand, FIX uses semi-automatic
machine learning approaches to accurately categorize the ICA output as 'good' and 'bad'
components. The 'bad' components, including motion-related components and motion
confounds with 24 motion parameters, were then regressed out from the fMRI data. After
using these methods, the motion-related noise was significantly reduced.
6.3.3 Limitations and Advantages
The number of participants in the present studies was relatively small, which may have
decreased the statistical power of the analyses. Future developmental studies of brain
activity and functional network connectivity will benefit from increasing the subject number
to make strong conclusions. Another limitation is that although the results revealed taskspecific relationships in the FC between the PFC and visual areas (Study I and II), the
analysis method does not allow assessment of directionality of connectivity. In future
studies, the effective connectivity for the directionality of the connections between the PFC
and visual areas should be studied. In addition, due to the limitation of the block design,
the WM was studied as a whole process in the present studies. In the future, it would be
good to apply, for example, an event-related fMRI design that allows investigation of the
developmental changes of brain activity and network connectivity in the separate
processes of the WM (i.e., encoding, memory maintenance, and response period) in
children.
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The strength of the present studies may reside in the task paradigm that was
designed to also be suitable for children and was based on information obtained from
earlier studies in children and adults performed in our group (Vuontela et al. 2003, 2009).
This was reflected in the relatively good performance of the tasks – both groups had over
80% mean hits percentage and less than 5% false alarms. Another advantage of the
present study is that the fMRI data were recorded during both the resting state and tasks
in children and adults, which allowed examination of changes in the FC of the networks
between different states in the two age groups. Data-driven methods are currently popular
in studies of human resting state networks, but are not commonplace in task-related
functional imaging. Study III shows that data-driven approaches are also applicable to
task-related functional imaging data analyses. However, due to the scanning order of the
fMRI data where the task-related fMRI was performed before the resting state fMRI, it is
possible that the immediately preceding WM task performance could have affected the
spontaneous FC of the brain networks. These possible influences are still unsettled (Fox
and Raichle 2007; Hasson et al. 2009; Pyka et al. 2009; Rzucidlo et al. 2013), and further
studies are needed to explore whether or how the preceding experience could affect the
intrinsic brain networks.
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7 Conclusion and suggestions for future work
The first study of the thesis found that the neural mechanisms related to face processing
need a longer time to achieve the adult level compared to those related to the processing
of scenes and space. One possible reason is that during childhood, children gain plenty of
experience in spatial compared to facial information, which may promote the faster
maturational rate of the scene compared to face processing.
The second study of the thesis compared the activity and FC of two cortical regions,
the PPA and RSC that are involved in the processing of scene- and spatial information.
The study found that these two brain regions and related networks involved in navigation
have a different maturational pace over the course of development. The results support
the interactive specialization model of functional brain development, suggesting that the
activity and FC of brain regions become progressively more selective to particular task
demands during development.
The third study of the thesis provided preliminary evidence about the FC of cognitive
brain networks during tasks performance compared to the resting state. The study found
that 7–11-year-old children have already established adult-like resting state networks,
however, the FC strength differs between children and adults, especially during task
performance. On the other hand, the differences between the two age groups in their
ability to perform the attention/memory tasks may be associated with the observed group
differences in the task-related FC of the networks, especially regarding the DMN and FPN,
which was also reflected in the different functional recruitment of brain networks during
task performance in children and adults. The results of the brain network FC in the third
study conform to the whole brain activation results of the first two studies of this thesis
which showed differential activation patterns between the two groups in the core regions of
these networks.
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Taken together, Studies I and II of this thesis found weaker or otherwise immature
top-down modulation of the face processing-related visual association cortices that could
partially be explained by the observed weaker FC between the PFC and the visual
association cortex in the typically developing 7–11-year-old children compared to the
young adults. Moreover, there were age-dependent differences in the recruitment of the
PFC during visual WM tasks. These age-dependent differences between the two groups
are in line with the observed differences in the performance of the WM tasks that was
poorer in children than young adults. Study III showed that the 7-11-year-old children have
already established an adult-like pattern of resting state networks, but especially during
task performance, the FC within and between the ICNs differed from that in young adults.
The group differences observed in the brain activation and FC are likely partly related to
the morphological developmental state of the grey- and white matter in the 7–11-year-old
children (i.e., the ongoing synaptic pruning and myelination of axons that continue up to
young adulthood) (Sowell et al. 2001; Supekar et al. 2010; Bazargani et al. 2014). The
findings of this thesis conform to the suggestion that during development, the function of
brain regions, especially the PFC, and the FC of brain networks, undergo dynamic
changes, and that the same cognitive function may rely on different brain networks at
different ages (Johnson 2011).
In the future, it would be interesting to investigate how different tasks and task
difficulty levels influence the top-down regulation of the brain activity and network FC, and
what are the neural signatures underlying successful performance in different age groups.
It will also be interesting to understand whether there are cultural differences in the
development of information processing in cognitive tasks, for example, whether children
with different cultural backgrounds have a similar maturational rate of face and scene
information processing.
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