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ABSTRACT 

Intact function of working memory (WM) is essential for children and adults to cope with 

every day life. Children with deficits in WM mechanisms have learning difficulties that are often 

accompanied by behavioral problems. The neural processes subserving WM, and brain structures 

underlying this system, continue to develop during childhood till adolescence and young 

adulthood. Results from recent behavioral and neuroimaging studies in adults suggest that 

different brain structures are involved in WM processing of spatial and nonspatial visual 

information. However, there are no documented comparisons of spatial and nonspatial WM 

processing in children. Human neuroimaging studies have shown that WM processing of visual 

and auditory locations activates a distributed network of brain areas with considerable overlap 

suggesting that WM processing of audiospatial and visuospatial information engages a common 

neuronal network. Despite the importance of short-term memory of sound location for behavioral 

orientation, there are only a few studies on audiospatial WM. Furthermore, these mechanisms 

have not been studied extensively in children. 

In the present thesis, functional magnetic resonance imaging (fMRI) in combination with 

behavioral techniques were used to define whether spatial and nonspatial visual WM processing 

is segregated in the child (6-13-years) and adult human brain. This non-invasive method has 

enabled to study the distribution of brain activation also in non-clinical pediatric populations. 

Additionally, behavioral techniques and electrophysiological single cell recordings in monkeys 

were used to investigate the organization and development of audiospatial and visuospatial WM. 

The use of an electrophysiological recording method characterized by excellent time resolution 

provided information of neuronal responses related to WM of auditory and visual space at single 

cell level. 

The behavioral results suggest that spatial and nonspatial visual WM processing is 

segregated in the adult brain. The fMRI result in children suggested that memory load related 

processing of spatial and nonspatial visual information engages common cortical networks, 

whereas selective attention to either type of stimuli recruits partially segregated areas in the 

parietal and occipital cortices. Deactivation mechanisms that are important in the performance of 

WM tasks in adults are already operational in healthy school-aged children. 

The results of the development of audiospatial and visuospatial WM demonstrate that WM 

performance improves with age, suggesting functional maturation of underlying cognitive 
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processes and brain areas. The development of the performance of spatial WM tasks follows a 

different time course in boys and girls indicating a larger degree of immaturity in the male than 

female WM systems. Furthermore, the differences in mastering auditory and visual WM tasks 

may indicate that visual WM reaches functional maturity earlier than the corresponding auditory 

system. Spatial WM deficits may underlie some learning difficulties and behavioral problems 

related to impulsivity, difficulties in concentration, and hyperactivity. Alternatively, anxiety or 

depressive symptoms may affect WM function and the ability to concentrate, being thus the 

primary cause of poor academic achievement in children. Finally, the results of the 

electrophysiological single cell recordings show that in addition to the modality specific parallel 

mechanism, WM of auditory and visual space also involves modality independent processing at 

cellular level in the dorsolateral prefrontal cortex (DLPFC). 
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1. INTRODUCTION 

WM is a system that provides a temporary storage that holds and manipulates incoming, 

task-relevant information and integrates it with other information from the long-term memory in 

the service of goal-directed behavior (Baddeley 1986, 1992). Intact function of this system is 

essential for cognitive processes such as learning, reasoning, problem solving, and language 

comprehension. Children with deficits in WM functions have learning difficulties that are often 

accompanied by behavioral problems (De Jong, 1998 and McLean and Hitch, 1999). The neural 

processes subserving WM, and the brain structures underlying this system, continue to develop 

during childhood till adolescence and young adulthood. It has been shown that regions implicated 

in visuospatial WM in the frontoparietal areas in adults are increasingly engaged in children as 

they age (Klingberg et al., 2002; Kwon et al., 2002). Moreover, increase in WM capacity is 

positively correlated with the increased engagement of WM-related brain areas (Klingberg et al., 

2002) and also with increased fractional anisotropy in the frontoparietal white matter (Olesen et 

al., 2003). Children seem to recruit the core WM regions in the prefrontal cortex (PFC) to a lesser 

extent than adults or adolescents (Crone et al., 2006; Olesen et al., 2007; Scherf et al., 2006), and 

in general the pattern of activation seems to depend on the task, age and the brain regions studied 

(Bunge and Wright, 2007). 

The idea of visual information processing being organized into two distinct “what” and 

“where” processing pathways was introduced over two decades ago (Mishkin et al., 1983). More 

recent results of neuropsychological studies suggest that also WM processing of spatial and 

nonspatial visual information may be dissociated in the adult human brain (Hecker and 

Mapperson, 1997; Mohr and Linden, 2005; Pasternak and Greenlee, 2005). Further support has 

been provided by several functional neuroimaging studies demonstrating a dorsal spatial and 

ventral nonspatial distribution of WM processing (Courtney et al., 1996; Belger et al., 1998; 

Mottaghy et al., 2002; Sala et al., 2003; Ventre-Dominey et al., 2005). Alternatively, information 

processing in WM may be organized by cognitive operations needed in the task performance, a 

view also supported by functional neuroimaging studies (Owen et al., 1998; D’Esposito et al., 

1999, 2000; Owen, 2000). These two models of WM function may not be mutually exclusive as 

there is evidence for coexistence of both processing types in the human brain (Johnson et al., 

2003; Mohr et al., 2006). In two studies of the present thesis (Studies I and V), the possible 

segregation of spatial and nonspatial visual information processing was investigated using 
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behavioral testing in adults and fMRI during WM task performance in children. Imaging the 

children enabled direct comparison of the spatial and nonspatial visual WM mechanisms that 

have earlier been studied almost exclusively in the visuospatial domain in children. 

WM of spatial locations is important in behavioral orientation. There are only a few studies 

on audiospatial WM showing that sound location is processed primarily in areas of the dorsal 

stream and in areas posterior to the primary auditory cortex (Arnott et al., 2004, 2005). 

Mnemonic processing of auditory and visual locations activates a distributed network of brain 

areas in the PPC and PFC. It has been discussed whether auditory and visual information is 

processed in parallel brain networks involved in modality specific spatial processing (Bushara et 

al., 1999; Kikuchi-Yorioka and Sawaguchi, 2000) or in common neuronal networks involved in 

integration of this information (Martinkauppi et al., 2000). The findings of these studies are still 

rather controversial providing support for both parallel and integrated models of processing. In 

studies II and III of the present thesis, the organization and development of audiospatial and 

visuospatial WM was investigated in 6-13-year-old children performing spatial WM tasks. In 

Study IV, electrophysiological single cell responses were measured during the performance of 

audiospatial and visuospatial WM tasks in monkeys. 

 

2. REVIEW OF LITERATURE 

2.1. Working memory 

2.1.1. Definition of WM 

On the basis of the duration of memory retention and storage capacities, memory systems 

have been classified to three distinct types: sensory, short-term and long-term memory (e.g. 

Baddeley 1982, 1986). The memory trace for information held in short-term memory decays 

quickly within seconds unless it is reinforced by active rehearsal, which may result in transfer of 

this information to long-term memory in which information can be retained for longer periods, 

even decades (Baddeley, 1986). 

The concept of short-term memory is often used interchangeably with the concept of WM 

which refers to a cognitive system that allows us to maintain and manipulate information online 

and integrate it with other information from the long-term memory. This system plays a critical 

role in many forms of complex cognition such as learning, reasoning, problem solving, and 

language comprehension. Several models have been proposed to explain the function of WM. 
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According to the most influential model by Alan Baddeley, WM is composed of a central 

executive that is an attentional control system monitoring two independent subsystems, 

visuospatial sketchpad for spatial processing and phonological loop for nonspatial, mainly verbal 

information processing (Baddeley 1986, 1992). The verbal component of this system is assumed 

to consist of an active articulatory rehearsal process and a passive phonological store. The 

visuospatial sketchpad is also assumed to be fractionated into separate active rehearsal and 

passive storage components. Later on (Baddeley, 2000), the model was extended by adding a 

component, the episodic buffer, which is capable of storing information in a multidimensional 

code and thus in a position to integrate phonological, visual, and spatial information, and 

information stored in the long-term memory. 

Based on observations on patients with PFC lesions (Milner, 1982; Fuster, 1989; Vilkki and 

Holst, 1989; Miotto et al., 1996), the functioning of WM via the central executive system is 

suggested to be strongly dependent on the frontal lobes; this notion is supported by selective 

lesion studies and electrophysiological recordings in nonhuman primates (Goldman and Rosvold, 

1970; Goldman-Rakic 1987; Fuster 1989; Funahashi and Kubota 1994). The use of advanced 

neuroimaging techniques has led to the identification of distinct cortical brain structures 

underpinning the proposed principal components of WM (Gathercole, 1999). For example, the 

frontoparietal network has been proposed to be central to WM function (Owen et al., 2005; 

Klingberg, 2006). The phonological loop has been suggested to be principally associated with 

Brodmann areas (BAs) 40 and 44 of the left hemisphere, visuospatial sketchpad with areas in the 

right hemisphere (BAs 6, 19, 40 and 47), and executive processes with left or bilateral DLPFC 

(Gathercole, 1999; Baddeley, 2000). 

The indisputable importance of the PFC in WM has produced several models in attempts to 

explain the functional organization of this cortical area (reviewed e.g. by Fletcher and Henson, 

2001). One model suggests that the organization is based on the type of cognitive operation 

performed. In this model the DLPFC is responsible for monitoring and manipulating and the 

ventrolateral prefrontal cortex (VLPFC) for maintaining (including transferring, rehearsal and 

matching) information. Neuroimaging studies in adults provide evidence to substantiate this 

model (Owen et al., 1998; D’Esposito et al., 1999, 2000; Owen, 2000) which has evolved to 

produce variants that nevertheless support the idea of organization-by-process (Petrides et al., 

2002; Petrides, 2005; Rypma, 2006). Another model emphasizes domain specificity, proposing 
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that the functional organization of the PFC is based on the type of information processed in WM 

(Wilson et al., 1993; Goldman-Rakic, 1995). According to this model, WM processing of spatial 

information is handled in the DLPFC and nonspatial information in the VLPFC, a division also 

supported by brain imaging studies in adult human subjects (Courtney et al., 1996; Belger et al., 

1998; Mottaghy et al., 2002; Sala et al., 2003; Ventre-Dominey et al., 2005). These two models 

of WM may not be mutually exclusive as there is evidence that the organization of the PFC is 

based both on the type of information being processed and the cognitive operation (Johnson et 

al., 2003; Mohr et al., 2006). Furthermore, Postle and colleagues (Postle et al., 2003; Postle, 

2006a,b) have proposed that WM arises through coordinated recruitment, via attention, of brain 

areas involved in sensory, representation and action related functions without the involvement of 

the PFC in the maintenance of information but contributing to non-mnemonic processes related 

to task performance. 

 

WM and attention, which have been defined as core processes of executive functions, are 

closely intertwined. Both processes promote goal-directed behavior and show a considerable 

overlap of the underlying neural circuitry (LaBar et al., 1999; Wager et al., 2004; Awh et al., 

2006). One study (LaBar et al., 1999) found that the neural networks subserving WM and spatial 

attention intersected at several frontoparietal brain areas. On the other hand, the results of a recent 

study show that verbal WM and visual attention recruit a common network in the posterior 

cortical and subcortical areas related to higher level attentional processing, whereas the 

frontoparietal network was mainly associated with memory processes (Tomasi et al., 2007). 

Memory, attention, and inhibitory mechanisms are key components of cognitive control or 

executive processes that have been suggested to share some mechanisms but to have also 

separable functions (Miyake et al., 2000; Davidson et al., 2006; Huizinga et al., 2006). 

Alternatively, these processes have been suggested to be parts of a single construct of a common 

underlying neural circuitry (Smith and Jonides, 1999; Casey et al. 2000; Miller and Cohen, 

2001). 
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Fig. 2.1.1. Illustration of the central brain areas of the frontoparietal network involved in WM in man and macaque. 
In the PFC, areas in the superior frontal gyrus and sulcus (SFG/SFS) and in the middle frontal gyrus (MFG) 
corresponding to BAs 9, 46 and 9/46 are shown in the human brain (right) and corresponding areas in the macaque 
brain (left), and areas in the inferior frontal gyrus (IFG) and sulcus (IFS) corresponding to BAs 47/45/44 in man and 
areas 47/12 and 45 in macaque (Fuster, 1989; Petrides, 2005). The VLPFC (green circle) refers to the area lying 
below the IFS corresponding loosely to BAs 44, 45 and 47 in man and to areas 47/12 and 45 in macaque, and the 
DLPFC (red circle) refers to the area superior to it corresponding to BAs 9, 46 and 9/46 in man and macaque 
(Fletcher and Henson, 2001; Petrides, 2005). The posterior parietal cortex (PPC) involves areas in the superior (SPL) 
and inferior (IPL) parietal lobules including the intraparietal sulcus (IPS) in man. In macaque monkey, areas PG and 
PF correspond to the IPL and area PE to the SPL of man (Hyvärinen, 1982). Abbreviations: PS principal sulcus, AS 
arcuate sulcus, CS central sulcus. Adapted and modified from Bear et al. (2001), Hyvärinen (1982) and Petrides 
(2005). 
 

 

2.1.2. The development of WM 

The developing brain undergoes massive structural and functional changes that reflect a 

dynamic interplay of simultaneously occurring progressive and regressive events. The brain 

regions underlying basic motor and sensory functions are the first ones to mature, whereas 

neuroanatomical and neurophysiological changes take place in higher-order association cortices 

well into adolescence and beyond it (Gogtay et al., 2004; Casey et al., 2005a,b). Neuroanatomical 

brain development occurs in parallel with behavioral and cognitive maturation during childhood 

and adolescence (Casey et al., 2005a,b). Measures of increased brain connectivity have also been 

linked to improved cognitive abilities (Klingberg, 2006). 
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2.1.2.1. Neuroanatomical development 

Most of the dynamic changes of the cortex and subcortical grey matter nuclei occur during 

fetal life in a strictly organized sequence of cell proliferation, migration and maturation, but 

changes in these structures continue also during the postnatal life including regional changes in 

synaptic density and myelination (Casey et al., 2000, 2005a,b; Toga et al., 2006). After birth 

there is a great increase in the dendritic branching and synaptic connections between neurons. 

This development reaches a plateau phase which is followed by a process of dendritic pruning 

and synapse elimination leading to more fine-tuned and efficient connections. In the human brain, 

the time-course of these changes varies enormously by brain region. In the auditory cortex, 

synaptic overproduction reaches its maximum at about the third postnatal month and, in the 

visual cortex, it peaks at about the age of four months (Huttenlocher, 1979, 1990, 1997). The 

process of synapse elimination begins after this age period and continues until the adult level of 

synaptic density is reached at about preschool age for primary auditory and visual cortices. In the 

PFC, the synaptic density peaks at 3-4 years but the plateau and elimination phases are protracted 

and continue till young adulthood (Huttenlocher, 1979, 1990, 1997; Bourgeois et al., 1994). The 

process of myelination that increases neural conduction velocity progresses most rapidly until the 

age of 1.5 years (Kinney et al., 1988; Ballesteros et al., 1993) but continues well into adulthood. 

The spatial and temporal pattern of changes related to myelination seem to parallel the 

developmental changes in synaptic density. Primary sensory and motor cortices myelinate before 

the temporal and parietal association cortices, and higher-order association areas in the prefrontal 

and lateral temporal cortices that seem to mature last (Yakovlev and Lecours, 1967; Gogtay et al., 

2004; Sowell et al., 2004). 

Although the total brain size of a child has reached about 90% of its adult size by the age of 

6, the gray and white matter subcomponents of the brain continue to undergo dynamic changes 

throughout adolescence (Casey et al., 2000, 2005a,b). Measures of gray matter volume follow an 

inverted U-shaped pattern with variation in regional changes (Jernigan et al., 1991; Giedd et al., 

1999; Gogtay et al., 2004). Increase in the gray matter volume is followed by gray matter loss 

which occurs first in the primary sensorimotor regions at about the age of 4-8 years, then in the 

frontal and parietal cortices at 11-13 years, and last in the PFC and temporal association areas at 

about the age of 16 continuing till late adolescence (Giedd et al. 1999; Gogtay et al., 2004). In the 

PFC, gray matter loss is completed first in the orbitofrontal cortex followed by the VLPFC while 
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the DLPFC matures last (Gogtay et al., 2004). Changes in cortical gray matter thickness in 5-11-

year old children were located as increases in the classical language regions of the frontal 

(Broca’s area) and temporo-parietal (Wernicke’s area) cortices, and as more widespread 

decreases in other areas of the frontal, parietal and occipital cortices (Sowell et al., 2004). Grey 

matter changes occur also in subcortical regions. For example, grey matter loss has been reported 

in those portions of the basal ganglia to which the PFC projects (Thompson et al., 2000; Gogtay 

et al., 2004). 

Concurrently with ongoing changes in gray matter, the white matter volume increases in a 

roughly linear manner until approximately young adulthood with a pattern that seems to proceed 

from caudal to more rostral areas (Jernigan et al., 1991; Giedd et al., 1999; Paus et al., 1999; 

Gogtay et al., 2004). Studies on connectivity between brain structures utilizing diffusion tensor 

imaging (DTI) technique, which is sensitive to myelination and neuroanatomical changes in the 

white matter microstructure, have shown progressive maturation of white matter during 

childhood and adolescence (Klingberg et al., 1999; Mukherjee et al., 2001; Snook et al., 2005). 

As measured by an index of fractional anisotropy, there is greater coherence of white matter 

tracts in adults than in children (Barnea-Goraly et al., 2005). Maturation of neural networks has 

also been related to improved connectivity within brain areas in the network (Olesen et al., 2003). 

To conclude, dynamic interplay of regressive grey matter and progressive white matter processes 

underlie neuroanatomical brain development. The brain regions to mature first are the ones 

related to most basic functions, such as motor and sensory systems, followed by parietal and 

temporal association areas involved in spatial attention and basic language skills (Gogtay et al., 

2004; Sowell et al., 2004). Higher-order association areas such as the prefrontal and lateral 

temporal cortices that are involved in more advanced functions, e.g. in integration of primary 

sensorimotor processes, attentional modulation and language processes, mature last. The 

sequence of the maturation of brain areas seems to follow the order in which these areas were 

created so that phylogenetically older areas mature earlier than the more recently evolved higher-

order areas (Gogtay et al., 2004). 

 

2.1.2.2. Functional development 

Behavioral and cognitive maturation parallels neuroanatomical brain development during 

childhood and adolescence (Casey et al., 2005a,b). WM that depends on the PFC circuitry 
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emerges relatively early in life considering that the PFC is among the last to reach 

neuroanatomical maturity. Although WM with simple response demands has a precocious 

developmental course, the development of the ability to implement WM is protracted compared 

to other forms of memory (Nelson 1995). Behavioral studies in very young children have shown 

that 8 to 12-month-old infants are able to correctly retain objects in delayed response (DR) tasks 

with short delays but lack accurate reaching behavior (Diamond 1990). This result suggests that 

in very young children, the PFC circuits supporting simple encoding, maintenance and retrieval 

are sufficiently developed by this age, but the neural circuits subserving coordination and 

integration of functions, so called executive WM, lack functional maturity (Nelson 1995). 

Developmental maturation of WM is characterized by gradual improvement in the 

performance of WM tasks from the preschool period into middle childhood. During this time 

executive control over information that is held in WM gains increasing precision. Age-related 

improvement in the performance of visuospatial and verbal WM tasks has been found in several 

studies with varying processing demands (Hale et al., 1997; Swanson 1999; Gathercole et al., 

2004a). The performance of WM tasks requiring simple maintenance of information, such as 

those tapping phonological or visuospatial stores, shows a steep improvement up to the age of 

eight years and a more gradual increase thereafter till the age of 11-12, whereas the complex 

memory including executive WM undergoes a longer period of development (Gathercole 1999). 

Luciana and Nelson (1998) found that 4-7-year-old children express both mnemonic and 

executive failures, whereas in 8-year-old children executive functions were at use, but lacked 

functional integrity. Although the 12-year-old children performed better than younger children in 

tasks requiring increasing levels of executive control, they did not reach the performance level of 

adults (Luciana and Nelson, 2002). The authors suggest that the early stages of development of 

WM involve fine-tuning of basic perceptual and sensorimotor functions whereas subsequent 

stages of development incorporate the maturation of brain networks that integrate complex 

processes associated with WM function. 

Age-related improvement in WM task performance has also been associated with the 

development of the ability to recode visually presented information into verbal form which is 

suggested to develop around the age of 7-8 years (Kemps et al. 2000; Pickering, 2001). Younger 

children are suggested to rely on visual codes to remember pictorial material due to difficulties in 

recoding visual information into verbal form, whereas older children are able to complement 
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visual coding by phonological coding. Thus the development of WM may involve an increase in 

the number of codes available rather than a substitution of one code for another (Hitch et al., 

1988, 1989). Other cognitive abilities that change with age may also contribute to the 

development of WM. Age-related improvement of the performance of WM tasks has been related 

to changes in e.g. processing speed, attentional and processing capacity, decay of memory trace, 

and storage capacity (Hulme et al., 1984; Cowan et al., 1992, 1998; Gathercole 1999). Recent 

behavioral results support the Baddeley model of WM function by demonstrating that the 

tripartite structure of WM is present from age of 6 years onwards and that each component 

increases its capacity until early adolescence (Gathercole et al., 2004a). Converging evidence 

from several neuropsychological studies indicate that WM continues to develop into young 

adulthood and a mature level of simple storage function is reached approximately at the age of 

11-13 years and of complex WM only after approximately the age of 15-19 years (Luna et al., 

2004; Luciana et al., 2005; Huizinga et al., 2006). 

Functional MRI has provided a means to image brain activity in children and study brain 

changes related to the development of WM. In addition to regions in the fronto-parietal network 

that has been proposed to be central to WM function (Owen et al., 2005; Klingberg, 2006), the 

network for visual WM involves areas in temporal and occipital cortices. Several neuroimaging 

studies have shown that also children activate these neuronal networks including areas in the 

superior frontal gyrus (SFG), DLPFC, superior parietal lobule (SPL), and inferior parietal lobule 

(IPL) during visuospatial WM processing (Thomas et al., 1999; Nelson et al., 2000; Klingberg et 

al., 2002; Kwon et al., 2002). While verbal WM in children has been shown to involve activation 

in the SFG, DLPFC, VLPFC, cingulate (GingG) and orbital gyruses (Casey et al., 1995), object 

processing in WM activates the premotor cortex, DLPFC, VLPFC, SPL, IPL, GingG, 

caudate/putamen, and cerebellum (Ciesielski et al., 2006; Crone et al., 2006). 

The performance of verbal and spatial WM tasks activates similar brain areas in children 

and adults (Cohen et al., 1994; Casey et al., 1995; Thomas et al., 1999; Casey 2000; Nelson et al., 

2000; Klingberg et al., 2002; Kwon et al., 2002) whereas mnemonic processing of objects seems 

to engage at least partly different brain networks in these age groups (Ciesielski et al., 2006; 

Crone et al., 2006). Some studies have shown that children recruit limited areas of the WM 

network compared to adolescents and adults (Crone et al., 2006; Scherf et al., 2006). Similar 

activation of the WM network in children and adults may reflect the recruitment of comparable 
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cognitive processes such as executive processes subserving WM and selective attention (Owen, 

2000; Collette et al., 2006) or similar cognitive strategies (Casey et al., 2000, 2005b; Berl et al., 

2006; Kirchhoff and Buckner, 2006; Rypma, 2006) in the performance of WM tasks. Some 

studies on the development of WM have shown a more diffuse, widespread, and greater 

magnitude of activation in children compared to adults (Casey et al., 1995; Thomas et al., 1999; 

Nelson et al., 2000) while others have observed increased extent and magnitude of activation 

with increasing age (Thomas et al., 1999; Klingberg et al., 2002; Kwon et al., 2002). Some of 

these differences between the findings concerning the development of visuospatial WM may be 

related to methodological differences among studies in terms of a wide age range of the children 

participating the studies, varying maturational status of the tested children, task difficulty 

differences between children and adults, or differences in problem solving strategies (Berl et al., 

2006). The focal network model of maturation states that during development there is a shift from 

low power diffuse patterns of brain activation to more focal and greater magnitude of activation 

(Berl et al., 2006) probably reflecting fine-tuning of relevant neural systems (Johnson et al., 

2002). Studies that show that similar brain regions are activated in adults and children, but the 

extent of activation is greater in children (Casey et al., 1995; Thomas et al., 1999; Nelson et al., 

2000), give some support to this model. Another model of development proposes that the same 

areas of the distributed network are involved in children and adults, but the degree of engagement 

of each region systematically changes with maturation (Berl et al., 2006). 

Cortical development has been found to correlate with measures of behavioral performance. 

Moreover, gray matter increases and decreases, especially in the PFC, have been associated with 

differences in intellectual abilities (Shaw et al., 2006). One study found an association between 

structural maturation of the PFC and improved memory function using neuropsychological 

measures (Sowell et al., 2001). Similarly, white matter maturation in the PFC and in an area 

between the PFC and PPC has been related to the development of visuospatial WM (Nagy et al., 

2004). In another study, increase in WM capacity with age was associated with increased activity 

in the PFC and PPC (Klingberg et al., 2002). Furthermore, age-related joint maturation of white 

and grey matter has been found in the PFC and PPC (Olesen et al., 2003). Together these studies 

(Klingberg et al., 2002; Olesen et al., 2003; Nagy et al., 2004) provide evidence for a 

frontoparietal network subserving visuospatial WM in which brain activity, myelination and the 

development of cognitive capacity are tightly coupled. However, age-related functional 
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specialization of specific brain areas in the PFC and PPC has also been found independent of 

performance changes providing evidence for joint maturation of two neural systems involved in 

visuospatial WM: a right hemisphere visuospatial attention system and a left hemisphere 

phonological store and rehearsal system (Kwon et al., 2002). 

 

 

2.1.3. WM in neurodevelopmental disorders 

Intact function of WM is essential in order to cope with the activities of every day life and a 

prerequisite for learning, reasoning and language comprehension. Deficits in WM mechanisms, 

especially in executive functions, have been associated with a range of neuropsychological and 

developmental disorders. Such disorders include e.g. attention deficit hyperactivity disorder 

(ADHD), autism spectrum disorders (ASDs), schizophrenia (SZ) and learning disabilities (LDs). 

In the following section, I will review WM in relation to these disorders. 

 

2.1.3.1. Attention deficit hyperactivity disorder (ADHD) 

ADHD is a relatively common developmental disorder which is characterized by age-

inappropriate behavior with symptoms of inattention, impulsivity and hyperactivity (American 

Psychiatric Association, 1994) that usually manifest in early childhood before the age of seven. 

The symptoms often persist into adulthood so that adults with a diagnosed ADHD manifest the 

same syndrome that has been validated in pediatric cases (Faraone et al., 2000). Three subtypes 

of ADHD have been defined by behavioral dimensions of patients: hyperactive-impulsive, 

predominantly inattentive, or a combined type (Barkley, 2003). Impaired cognitive control has 

been proposed to represent a core deficit in childhood ADHD (Barkley, 1997; Durston et al., 

2001; Durston and Casey, 2006). Consequently, children with ADHD, especially the hyperactive-

impulsive and combined types (Gathercole and Alloway, 2006), perform poorly in tasks that 

require inhibitory control (Barkley, 1997; Ozonoff and Jensen, 1999; Geurts et al., 2004). On the 

other hand, deficits in WM function may underlie the manifest symptoms of ADHD. WM 

function is dependent on the integrity of the PFC and modulated by the catecholamines (Williams 

and Goldman-Rakic, 1995), which is consistent with the association of catecholaminergic 

dysregulation and prefrontal dysfunction with the pathophysiology of ADHD (Arnsten and Li, 

2005). Furthermore, drugs such as methylphenidate and amphetamine, known to ameliorate the 
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symptoms of ADHD also improve WM in controls (Luciana et al., 1992) and in ADHD patients 

(Kempton et al., 1999; Mehta et al., 2004). Children with ADHD express impaired performance 

during WM tasks, especially visuospatial tasks (Mariani and Barkley, 1997; Barnett et al., 2001; 

Westerberg et al., 2004; Martinussen et al., 2005). ADHD characterized predominantly by 

inattentiveness, which involves behavior qualitatively different from the other types of ADHD, 

demonstrates distractibility and difficulties in sustained attention to prolonged activities (Milich 

et al., 2001). The implication of WM deficits in ADHD type of behavior is supported by the 

reasoning that inattention stems from an inability to hold mental representations active in order to 

guide behavior (Barkley, 1997), and distractibility from inability to maintain the priorisation of 

relevant information (de Fockert et al., 2001), skills that are associated with executive and storage 

domains of WM. 

Studies on neuropathological correlates of ADHD have consistently implicated a 

frontostriatal neuronal network involving areas in the PFC, caudate nucleus and globus pallidus 

(Giedd et al., 2001). Patients with ADHD have volumetric reductions in these areas (Castellanos 

et al., 1996), in the corpus callosum (Giedd et al., 1994), and cerebellum (Castellanos et al., 

2002) among others. Frontostriatal structural or functional abnormalities may thus contribute to 

the memory deficits in ADHD. Reduced regional brain size in portions of the PFC and anterior 

temporal cortex and increased grey matter density in large portions of the posterior temporal and 

inferior parietal cortices have been related to disturbancies in the action-attentional network in 

ADHD subjects (Sowell et al., 2003). The results of fMRI studies have shown that the 

performance of verbal WM tasks does not activate similar brain networks in ADHD and control 

subjects (Schweizer et al., 2000; Valera et al., 2005) nor do the experimental groups employ 

similar strategies in the performance of the tasks (Schweizer et al., 2000). To conclude, impaired 

WM function and inhibitory control are the core deficits underlying the manifest behavior of 

ADHD patients. Impairments in these processes may stem from a common pathological process 

that is related to right PFC abnormalities in ADHD (Clark et al., 2007). 

 

2.1.3.2. Autism spectrum disorders (ASDs) 

ASDs form a heterogeneous neurodevelopmental syndrome that is characterized by atypical 

social behavior, disrupted verbal and nonverbal communication and unusual patterns of highly 

restricted interests and repetitive behaviors that usually manifest in early childhood before the age 
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of three (Hill, 2004; Geschwind and Levitt, 2007). Deficits in WM function have been reported in 

children with ASDs (Russell et al., 1996). They express impaired spatial relative to verbal WM 

and impaired memory for faces and social scenes (Williams et al., 2005a,b, 2006). These deficits 

have been related to executive dysfunction since subjects with ASDs also have impaired 

performance in tasks involving planning, flexibility and inhibition (Hill, 2004), functions that are 

highly dependent on executive function and the integrity of the PFC. There is behavioral 

evidence for both typical and atypical development of executive functions in autism, although 

executive dysfunction is proposed to be present throughout development (Luna et al., 2007). 

Neuroimaging studies have shown an abnormal pattern of activation of the PFC during spatial 

(Luna et al., 2002) and nonspatial (Koshino et al., 2007) WM processing in ASD subjects. 

Impairments in the frontal circuitry and its connectivity to other regions have been associated 

with ASDs in several studies (Ohnishi et al., 2000; Luna et al., 2002; Hazlett et al., 2005; Hendry 

et al., 2006; Koshino et al., 2007). Moreover, it has been proposed that ASDs result from partial 

disconnection of higher-order association areas to the frontal lobe, which leads to failure of a 

normal development of these areas and thus to altered executive function (Frith, 2004; 

Courchesne and Pierce, 2005; Geschwind and Levitt, 2007). 

 

 

2.1.3.3. Schizophrenia (SZ) 

SZ forms a heterogeneous mental disorder (Fallon et al., 2003; Joyce and Roiser, 2007) 

characterized by impairments in perception or expression of reality, social or occupational 

dysfunction, disorganized thinking, even delusions or hallucinations (Bear et al., 2001). The 

pathogenesis of SZ is proposed to be neurodevelopmental in nature originating from disturbances 

during pre- and perinatal life that manifest as structural and functional abnormalities of the brain 

(Lewis and Levitt, 2002; Fallon et al., 2003; Hennessy et al., 2007; Mittal et al., 2007). Deficits 

in various cognitive processes are regarded as basic and important features of SZ (Heinrichs and 

Zakzanis, 1998) but most of all, deficits in WM are suggested to play a major role in cognitive 

impairments of SZ patients (Goldman-Rakic, 1994; Goldman-Rakic and Salemon, 1997). Several 

behavioral studies have shown that SZ patients are impaired in the performance of various WM 

tasks covering both auditory (Gold et al., 1997; Wexler et al., 1998) and visual domains (Keefe et 

al., 1995, 1997; Fleming et al., 1997; Park et al., 1999). Whether the schizophrenic dysfunction 
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of WM resides in the central executive control system, subsystems or both, is currently under 

discussion. In SZ patients, deficient function of both object and spatial WM subsystems were 

found during single task performance, but dual task performance did not provide any evidence for 

central executive impairments (Spindler et al., 1997). More recently, schizophrenics were found 

to be impaired in object and spatial WM and especially during dual task performance, suggesting 

deficits in both memory subsystems and the executive control system (Leiderman and 

Strejilevich, 2004). Moreover, results of an investigation on WM maintenance and manipulation 

in SZ subjects suggested that while both maintenance and executive systems are impaired in 

schizophrenics, the central executive is more severely affected (Kim et al., 2004). The 

significance of central executive impairments in SZ are supported by the finding that SZ patients 

are particularly impaired in a variety of cognitive tasks requiring executive processes such as 

inhibition (Schooler et al., 1997), set switching (Meiran et al., 2000) and goal planning 

(Andreasen et al., 1992). 

Neuropathological reports on SZ include a wide variety of structural and biochemical 

changes in several cortical and subcortical brain areas, of which those related to the PFC 

associated circuits seem to be most important (Harrison, 1999; Fallon et al., 2003). Deficits in 

WM are consistently associated with abnormalities in the activation in the PFC and particularly 

in the DLPFC. Diminished activation, as compared with healthy subjects, during WM 

performance is the most consistent pattern of abnormal DLPFC activation in SZ patients 

(Andreasen et al., 1992; Carter et al., 1998; Barch et al., 2001; Menon et al., 2001; Perlstein et al., 

2001). Moreover, patients with SZ fail to show activation in the right DLPFC in response to n-

back WM tasks (Weinberger et al., 1996; Perlstein et al., 2001; Barch et al., 2003). There are, 

however, also reports of normal or increased activation of the PFC in SZ subjects (Manoach et 

al., 1999; Callicott et al., 2000; Honey et al., 2002; Ramsey et al., 2002) and evidence of greater 

increase in VLPFC than DLPFC activation during  manipulation plus maintenance tasks (Tan et 

al., 2005). WM dysfunction in SZ is suggested to result from neurophysiological ineffectiveness 

of the whole WM system rather than from selective pathology of any particular part of the WM 

network (Jansma et al., 2004; Walter et al., 2007). Instead of WM network, SZ-specific 

dysfunction is proposed to be located to the superior temporal cortex (Walter et al., 2007). SZ 

patients seem to exceed WM capacity at a lower processing load than healthy controls despite 

otherwise comparable recruitment of the WM network (Jansma et al., 2004). Impaired functional 
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output of the whole WM system is proposed to cause an increase in the effort required by any 

WM task which may be a factor affecting the direction of the WM-related brain activity whether 

it is at the same level, decreased or increased compared to controls (Jansma et al., 2004). 

Task difficulty is suggested to influence critically the activation pattern induced by WM 

processing in SZ patients (Kindermann et al., 2004). SZ patients manage easy tasks equally well 

as healthy subjects (Callicott et al., 2000) and show DLPFC activation within the normal range 

(Honey et al., 2002). When the tasks become more difficult the performance is reported to 

decline and DLPFC activity shows either increases or decreases (Carter et al., 1998; Manoach et 

al., 1999; Callicott et al., 2000; Kuperbergo and Heckers, 2000). However, in one study 

(Kindermann et al., 2004), SZ patients performed spatial WM tasks nearly at the level of healthy 

subjects but demonstrated an aberrant pattern of brain activity. No significant differences were 

found in the DLPFC between patients and controls, but several other PFC, PPC, temporal, 

occipital and subcortical areas showed different activation patterns in schizophrenics compared to 

healthy subjects. 

 

2.1.3.4. Learning disabilities (LDs) 

LDs can be classified as a heterogeneous group of disorders affecting a broad range of 

academic and functional skills causing significant difficulties in the acquisition and use of e.g. 

language, reasoning or mathematical abilities. Some forms of LDs such as specific language 

impairment (SLI) have a strong genetic basis (Bishop et al., 1996), some LDs are evident in 

children with an identifiable syndrome or disorder such as autism, but the majority of LDs are 

found in children who do not suffer from an identified syndrome (Henry, 2001). The causes of 

LDs are not well understood and often there is no apparent explanation for these disabilities. 

LDs are associated with impairments in WM function. Several neuropsychological studies 

have shown that children with SLI have difficulties with verbal WM tasks tapping storage 

component of WM such as digit span or non-word repetition (Gathercole and Baddeley, 1990; 

Montgomery, 1995; Dollaghan and Campbell, 1998). These children have also impairments in 

WM tasks involving executive functions implicated by their poor performance in complex verbal 

WM tasks (Ellis Weismer et al., 1999; Montgomery, 2000b) that exceeds their impairments in 

simple tasks (Marton and Schwartz, 2003; Archibald and Gathercole, 2006). Deficits in the 

verbal component of WM may not be the only underlying cause of SLI. The children with SLI 
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seem to have a trade-off between storage capacity and processing operations so that if the 

resources are used for processing, storage capacity is reduced and vice versa (Montgomery, 2000 

a,b; Marton and Schwartz, 2003). These memory constrains apply also to nonverbal WM, since 

children with SLI show limitations also in visuospatial WM (Bavin et al., 2005; Hick et al., 

2005). Neuroimaging studies have shown that the SLI subjects exhibit decreased activation in 

brain regions associated with language processing (Hugdahl et al., 2004; Ellis Weismer et al., 

2005) and in areas implicated in attention and WM (Ellis Weismer et al., 2005). Furthermore, 

compared to the controls, the SLI subjects exhibit different patterns of coordinating activation 

among brain regions and rely on a less functional network of brain areas (Ellis Weismer et al., 

2005). 

The relationship of WM with LDs in children who have been diagnosed to have an 

identifiable syndrome or disorder are discussed in sections 2.1.3.1., 2.1.3.2. and 2.1.3.3. Children 

with mild and moderate LDs were reported to be impaired in all measures of WM compared to 

children of average abilities (Henry, 2001). Two common LDs in children who do not suffer 

from an identified syndrome comprise arithmetic and reading disabilities. Well functioning WM 

may be important already at the earliest stages of counting because children with low scores in 

complex memory tasks were more likely to use primitive finger-based counting strategies than 

children with high scores (Geary et al., 2004). Several investigations have associated WM 

function with difficulties in mathematical abilities (Siegel and Ryan, 1989; Hitch and McAuley, 

1991; Swanson, 1993; McLean and Hitch, 1999; Passolunghi and Siegel, 2001). Siegel and Ryan 

(1989) found that children who had specific learning difficulties in arithmetical tasks were 

impaired only in counting WM tasks while those children who had both arithmetical and reading 

problems were impaired in both counting and listening tasks. The authors suggest that 

arithmetical disability is due to capacity failures in a mathematics specialized type of WM, 

whereas in children with a combination of problems, the underlying mechanism is a general 

failure in WM functions (Siegel and Ryan, 1989). Hitch and McAuley (1991) confirmed and 

extended Siegel and Ryan’s (1989) results by showing that children with specific arithmetical 

difficulties were impaired in WM tasks only when the operations involved counting, but they also 

found evidence for more general modality independent WM failures in these children. Other 

studies have also found failures in general executive functions (Swanson, 1993; McLean and 

Hitch, 1999) and in the inhibitory domain of the central executive control system (Passolunghi 
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and Siegel, 2001) in children with mathematical LDs. Low scores in complex memory tasks that 

tap executive functions have been associated with poor computational skills (Wilson and 

Swanson, 2001). Furthermore, failures in both executive and phonological processes are 

suggested to underlie the difficulties in solving mathematical problems (Swanson and Sachse-

Lee, 2001). WM is proposed to constitute a capacity limited bottleneck for learning different 

academic subjects (Gathercole et al., 2006). Association of reading difficulties and poor 

mathematics abilities with scores obtained in complex memory tasks (Gathercole et al., 2006), 

and the finding of a general lack of capacity for the processing and storage of verbal information 

in reading disabled children (de Jong, 1998) support this idea. 

Complex WM skills were found to be closely linked with children’s academic progress 

during the early years of school as evidenced by a low level of academic achievement of children 

impaired in measures of central executive function and visuospatial WM (Gathercole and 

Pickering, 2000), and also during the age range 7-14 as measured by executive skills that were 

below the expected standards (Gathercole et al., 2004b). The specific executive functions of 

updating and inhibition were found to be important in learning but the strongest associations were 

observed between general aspects of WM and scholastic attainment (St Clair-Thompson and 

Gathercole, 2006). Individual differences in inhibitory executive functions are suggested to 

influence the ability to regulate the contents of WM which is supported by the finding that 

children with poor reading comprehension were less able than good comprehenders to inhibit 

information that was no longer relevant for memory task performance (Cain, 2006). Functional 

neuroimaging has provided evidence that the PFC and PPC, especially the IPS, are involved in 

arithmetic tasks (Dehaene et al., 1999, 2003; Menon et al., 2000). Children with poor arithmetical 

abilities had a greater interindividual variation in the patterns of brain activation and they 

activated the frontoparietal network to a lesser degree than achieving control subjects typically 

did (Kucian et al., 2006). Parts of the frontoparietal network of brain areas activated in 

arithmetical processing are also activated in tasks involving attention and WM. All together, 

these aforementioned studies show that an intact WM including executive functioning is crucial 

for learning during childhood. 
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2.2. Cortical processing of spatial and nonspatial visual information 

Processing in the visual system is suggested to be segregated to parallel pathways that 

originate in the retina with parallel networks of ganglion cells: the large magnocellular, M, cells 

with large receptive fields and small parvocellular, P, cells with small receptive fields (Mishkin et 

al., 1983). M cells are concerned with the gross features of a stimulus and its movement while P 

cells are involved in the perception of form and color. The axons from different populations of 

ganglion cells in the retina form the bilateral optic nerves that combine to form the optic chiasm, 

a structure in which the axons originating in the nasal retinas cross from one side to the other. 

Thereafter the axons rebundle to form the optic tracts. The left optic tract carries information 

about the right visual field and the right optic tract about the left visual field so that over 95 % of 

the connections from the left visual field are to the right visual cortex and vice versa. Axons of 

the optic tract terminate at the lateral geniculate nucleus (LGN) of the thalamus and thereafter 

form the optic radiation that projects to the primary visual cortex (Kandel et al., 2000; Bear et al., 

2001). 

The organization of the LGN to six distinct layers of cells is consistent with the idea that the 

retina gives rise to parallel processing streams for visual information as the axons from the retinal 

M and P cells project to different layers of the LGN: the M cells to the magnocellular layers and 

the P cells to the parvocellular layers, and the input from the two eyes is also kept separate 

(Kandel et al., 2000; Bear et al., 2001). A complete retinotopic map of the contralateral half of 

the visual field exists in each LGN layer. In addition to the neurons in the six principal layers of 

the LGN, there are layers of small neurons below each layer forming koniocellular layers in the 

LGN. Neurons in these layers participate in color processing of the visual image (Martin, 1988). 

The primary visual cortex is located in the posterior pole of the occipital cortex 

corresponding to BA 17. For the most part, this area lies in the medial surface of the hemisphere 

surrounding the calcarine sulcus. Axonal projections from the LGN maintain the retinotopy and 

parallel processing streams in the primary visual cortex. Cells in the magnocellular and 

parvocellular layers of the LGN project to different sublayers of the primary visual cortex and 

contribute differently to visual image analysis. The M pathway is thought to be specialized for 

the analysis of spatial properties of objects and motion, and the P pathway for the analysis of 

object features such as color (Kandel et al., 2000; Bear et al., 2001). The primary visual cortex 

feeds the visual information carried by the parallel processing pathways to over two dozen 
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extrastriate cortical areas in the temporal and parietal lobes which appear to be specialized for 

different types of analysis (Mishkin et al., 1983; Goodale and Milner, 1992; Merigan and 

Maunsell, 1993). Each of these areas contains a representation of the visual world. There is no 

consensus of the contribution of these extrastriate areas to vision but the idea of two large-scale 

cortical streams for visual processing is widely accepted. In this model, the occipitoparietal 

pathway stretches dorsally from the primary visual cortex toward the parietal lobe and is involved 

in the analysis of spatial aspects of objects and motion, and the occipitotemporal pathway 

projects ventrally toward the temporal lobe and serves in the analysis of object features. Although 

these pathways can be seen as two separate routes for processing visual input, there are also 

abundant cross-connections at various stages between the two visual pathways (Merigan and 

Maunsell, 1993). It has been suggested that the ventral and dorsal stream distinction of 

information processing also has an effect on the maintenance of visual object and spatial 

information in WM (Ungerleider et al., 1998; Munk et al., 2002). While the validity of the dual 

pathway model in perceptual visual information processing is widely accepted, there is no 

agreement about the preservation of functional parcellation of visual information processing in 

the cortical areas, especially in the PFC, involved in WM. 

 

2.2.1. Spatial processing 

2.2.1.1. Perceptual information 

Spatial features of visual information are processed in the dorsal visual pathway that 

proceeds from V1 through V2 and V3 to the MT and thereafter to areas in the superior temporal 

and posterior parietal cortices. Consistent with the role of these areas in visuospatial function, 

neurons in the monkey MT and further stations of the dorsal stream show response selectivity for 

the speed and direction of stimulus motion (Zeki, 1974; Andersen et al., 1997) but are rather 

unresponsive to the color or form of the stimulus (Zeki et al., 1991). The MT cells may be 

capable of responding to moving color stimuli, even if these stimuli are equiluminant, however, 

they always respond in a “color-blind” fashion (Zeki, 2004), consequently, the dorsal visual 

system has been demonstrated to be relatively color-blind (Livingstone and Hubel, 1988). The 

responses of the neurons in the MT and MST can be modulated by attention (Treue and 

Maunsell, 1996). These findings have been confirmed in fMRI studies showing that human area 

MT in the temporal-parietal-occipital junction responds selectively to moving stimuli and has 
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high contrast sensitivity; properties that have been closely associated with magnocellular stream 

specialization in nonhuman primates (Tootell et al., 1995; Chawla et al., 1998). In addition to 

area MT, also the MST is activated by moving stimuli (Howard et al., 1996) and the responses in 

these areas are modulated by attention (Beauchamp et al., 1997; O’Craven et al., 1997) that may 

modulate sensitivity of neurons to inputs by changing their background activity (Chawla et al., 

1999). The PPC has an important role in processing spatial relationships between objects and 

between the body and other objects. Lesions in the PPC of monkeys lead to disturbancies in 

discriminating the respective positions of objects and in orienting the movements (Pohl, 1973; 

Faugier-Grimaud et al., 1978). In humans, parietal lesions produce spatial disorientation which is 

more severe when the lesion is in the right hemisphere. Lesion in the intraparietal sulcus (IPS) 

area of the PPC generates the symptoms of a specific visuomotor disorder, optic ataxia. These 

patients are unable to appropriately orient their hands when reaching for objects (Perenin and 

Vighetto, 1988) and have difficulties in calibrating their finger grip correctly to the size of the 

target objects (Jeannerod, 1986). 

 

2.2.1.2. Mnemonic information 

WM processing of spatial information recruits a network of brain areas consisting of 

regions in the dorsal visual pathway involved in the analysis of perceptual aspects of spatial 

information, especially in the PPC, and regions in the PFC indicated in the maintenance, 

manipulation and control processes of WM. The PPC is considered to maintain spatial 

information during the delay of a spatial WM task while the role of the PFC is more controversial 

(Curtis and D’Esposito, 2003; Postle, 2006b). Spatial WM related activity has been assigned to 

the DLPFC corresponding to BAs 46 and 9/46 that are located in and around the principal sulcus 

of the monkey brain and in the MFG of the human brain. Another area activated in spatial WM 

tasks is located in the SFG and SFS corresponding to BAs 6/8 of the human brain close to but not 

within the frontal eye field (Courtney et al., 1998; Klingberg, 2006). The corresponding area in 

the monkey brain is area 8A in the arcuate sulcus. 

During WM tasks, neurons in the DLPFC of the monkey brain were found to hold 

representations of spatial stimuli “on-line” (Goldman-Rakic, 1987; Funahashi et al., 1989, 1990). 

These areas are connected to PPC from which they assess spatial information. Consequently, 

studies in monkeys performing spatial WM tasks have shown that a functional PFC-PPC network 
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is required for WM during the delay phase of the task (Quintana et al., 1989; Fuster, 1995a,b) and 

that there are significant similarities in the discharge patterns of PPC and PFC neurons during the 

delay of a WM task (Chafee and Goldman-Rakic, 1998). 

Functional imaging studies in humans have shown persistent activation of the PFC and PPC 

during spatial WM tasks. The DLPFC is activated in several studies during spatial WM 

processing (McCarthy et al., 1996; Belger et al., 1998; Carlson et al., 1998) and shows a 

sustained mnemonic response during retention of spatial information (Leung et al., 2002) 

indicating a prominent role for this area in spatial WM processing and on-line storage of spatial 

information. However, some authors have emphasized that activity in the DLPFC is related to 

specific processes needed in the spatial task performance and not to maintenance of spatial 

information in this area (Owen et al., 1998; D’Esposito et al., 1999, 2000; Owen, 2000; Postle, 

2006a, b). Some authors have reported preferential activation of the premotor areas in spatial 

WM tasks (Courtney et al. 1998; Zarahn et al., 1999), in particular in a region in and around the 

SFS/SFG (Courtney et al., 1998). This region has also been related to the development of spatial 

WM capacity (Klingberg et al., 2002; Klingberg, 2006). The results of some fMRI studies 

suggest that visual WM is not mediated by the PFC but posterior cortical regions such as the PPC 

are involved in domain specific sensory processing (Postle and D’Esposito, 1999; Postle et al., 

2000; Hautzel et al., 2002). The PPC is invariantly activated in spatial WM tasks (Carlson et al., 

1998; Courtney et al. 1998; Klingberg et al., 2002). This activity is suggested to represent on-line 

storage of mnemonic spatial information and has been located to specific areas in the PPC (Postle 

and D’Esposito, 1999; Klingberg et al., 2002; Munk et al., 2002). The PPC and PFC network of 

brain areas are suggested to constitute a functional unit with the PPC as the storage site of the 

spatial sensory cues and the PFC controlling over and assisting in the maintenance of this 

information in the posterior regions (D’Esposito et al., 2000; Klingberg, 2006). 

Studies employing transcranial magnetic stimulation (TMS) that induces temporary virtual 

lesions when applied to the cortex and a disruption of ongoing neural activity in that area, have 

provided valuable information of spatial WM processing. In a visuospatial DR task, stimulation 

over the DLPFC impaired accuracy of memory-guided saccades during the memory phase of the 

task while stimulation over the PPC impaired accuracy only during the sensory phase of the task 

(Brandt et al., 1998; Müri et al., 2000). This result was interpreted as the DLPFC being 

responsible for mnemonic and the PPC for sensory representation of spatial information. Both 
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right and bilateral PPC stimulation has been reported to interfere with spatial WM (Kessels et al., 

2000; Oliveri et al., 2001). Bilateral SFG stimulation or repetitive TMS to the left mediodorsal 

DLPFC region around the SFS seems to affect only spatial WM whereas bilateral or left DLPFC 

stimulation seems to interfere with WM independent of stimulus modality (Oliveri et al., 2001; 

Mottaghy et al., 2002). A further study (Koch et al., 2005) found a pattern of interference of TMS 

during the delay of spatial WM task for the PPC and DLPFC sites of stimulation with no effect in 

the SFG suggesting that the DLPFC incorporates two coexisting neuronal networks: a local 

network subserving decision processes and another network interconnected with the PPC 

subserving spatial memory processes. 

 

2.2.2. Nonspatial processing 

2.2.2.1. Perceptual information 

Nonspatial features of visual information are processed in the ventral visual pathway that 

proceeds from V1 through V2 and V4 to areas TEO and TE in the inferior temporal cortex and 

beyond. Consistent with the role of these areas in object recognition, neurons in V4, TEO and TE 

show response selectivities for stimulus attributes such as shape, color and texture (Desimone et 

al., 1984; Desimone and Schein, 1987; Gallant et al., 1993; Komatsu and Ideura, 1993; Kobatake 

and Tanaka, 1994). 

Already in the 1970s Zeki (1973) found a functionally specialized area for color in V4 of 

the macaque monkey. In human brain imaging studies, color processing has been assigned to 

areas in the fusiform (FG) and lingual (LG) gyruses and collateral sulcus in the ventral 

occipitotemporal cortex (Lueck et al., 1989; McKeefry and Zeki, 1997; Hadjikhani et al., 1998) 

which are activated in tasks requiring either perception or attention to color (Corbetta et al., 1990; 

Beauchamp et al., 1999). Therefore these areas have been postulated to be the human homologue 

of V4 of the monkey brain (Lueck et al., 1989; McKeefry and Zeki, 1997). Electrophysiological 

studies in monkeys have shown increased responses of V4 neurons to attended color stimuli 

(Haenny and Schiller, 1988) that become increasingly enhanced and selective as the difficulty 

level of a color discrimination task increases and thus requires more attention. The specialization 

of V4 for color processing was further supported by findings showing that lesions that produce 

cerebral color blindness, achromatopsia, seem to include this area (Zeki, 1990).However, there is 
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some discrepancy among the different studies in the cortical location and function of the color 

selective areas (Hadjikhani et al., 1998; Bartels and Zeki 2000; Zeki, 2003). 

The crucial role of the ventral stream in object recognition is supported by deficits in this 

property found in brain damaged patients, for example patients with bilateral occipitotemporal 

lesions present object agnosia and are incapable of recognizing familiar faces (Farah, 1992). 

Results of functional brain imaging studies in humans imply that object recognition is mediated 

by both distributed and localized representations in the ventral visual areas (Ishai et al., 1999; 

Haxby et al., 2001; Spiridon and Kanwisher, 2002). Because objects of different categories 

activate wide areas of the ventral visual cortex, representation of objects appears to be more 

feature than object based in this cortical area. However, specialized regions of human ventral 

visual cortex have been shown to be dedicated to categories of high biological relevance such as 

faces (Kanwisher et al., 1997a), places (Epstein and Kanwisher, 1998) and bodies (Downing et 

al., 2001). In the monkey cortex, face selective cells have been found in the inferior temporal area 

and superior temporal sulcus (Desimone, 1991) and in the human brain, an area activated by face 

stimuli has been located in the FG of ventral occipitotemporal cortex (Kanwisher et al., 1997a; 

McCarthy et al., 1997) and named as a fusiform face area (FFA). Tsao et al. (2003) demonstrated 

discrete face-selective patches of activation in an area extending from V4 to TE in macaque 

monkeys. These patches were similar in relative size and number to face patches in humans 

suggesting that humans and macaques share a similar brain architecture for visual object 

processing. A region in the human parahippocampal cortex has been shown to be more activated 

in response to complex scenes such as rooms, landscapes and city streets compared to objects, 

faces, houses or other kinds of visual stimuli (Epstein and Kanwisher, 1998; Epstein et al., 1999), 

and has been named as a parahippocampal place area. A region in the lateral occipital cortex that 

is activated more by photographs of human bodies and body parts than by various inanimate 

objects and object parts has been named as the extrastriate body area (Downing et al., 2001). Yet 

another region in lateral occipital cortex appears to respond to all objects regardless of meaning. 

This region responds more strongly to pictures of objects than to textured patterns or degraded 

pictures of objects (Malach et al., 1995) and also to pictures of both real and nonsense objects to 

visual noise patterns or scrambled pictures of objects (Martin et al., 1996; Kanwisher et al., 

1997b), and may thus be involved in form processing independent of object recognition. 
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2.2.2.2. Mnemonic information 

WM processing of nonspatial information recruits a network of brain areas consisting of 

regions in the ventral visual pathway, especially in the inferior temporal cortex (IT) involved in 

the analysis of object features, and in the PFC areas indicated in the maintenance of object 

information. The IT is considered to have a role in maintaining nonspatial object information 

during the delay of a nonspatial WM task while the role of the PFC is currently unsettled (Curtis 

and D’Esposito, 2003; Postle, 2006b). Nonspatial WM related activity has been assigned to the 

VLPFC corresponding to BAs 45/47 in the human brain and to the inferior convexity of the 

monkey brain corresponding to Walker’s areas 12 and 45. 

In monkeys, neurons in the inferior convexity have been shown to respond selectively to 

pictures of objects, and been involved in the processing of features and identity of objects 

(Goldman-Rakic, 1987; Wilson et al., 1993) such as faces (O’Scalaidhe et al., 1999) during WM 

task performance. Object-specificity of these neurons is further supported by the finding that their 

response to objects is not abolished by the presentation of distractive stimuli (Miller et al., 1996). 

Furthermore, lesions of this area lead frequently to deficits in the performance of nonspatial WM 

tasks in monkeys (Goldman-Rakic, 1987). Neurons in the inferior convexity of the PFC are 

interconnected with neurons in the IT (Webster et al., 1994). Single-unit recordings in monkeys 

have shown that IT neurons express persistent, object-selective activity during the maintenance of 

visual objects across short delays (Miyashita and Chang, 1988; Miller et al., 1993; Nakamura and 

Kubota, 1995). The role of the IT in the maintenance of object information is further supported 

by studies that show serious impairments of WM processing of object features following 

inactivation (Fuster et al., 1981; Horel et al., 1987) or lesions (Petrides, 2000) of the IT. 

Functional imaging studies in humans have shown activation of the PFC and IT during 

nonspatial tasks. Several studies have detected activation in the VLPFC suggesting a significant 

role for this area in nonspatial WM. Activation of this area has been indicated in studies using 

animate and non-animate objects (Ciesielski et al., 2006), faces (Courtney et al., 1997; Haxby et 

al., 2000; Sala et al., 2003), houses (Sala et al., 2003), object-based shapes (Ventre-Dominey et 

al., 2005) and color (Mohr et al., 2006) as memoranda. On the contrary, some authors have 

associated activity in this area more to specific top-down processes over the posterior cortical 

areas than to representation or storage of nonspatial information (Owen et al., 1998; D’Esposito 

et al., 1999, 2000; Owen, 2000; Postle, 2006a, b). However, several studies have localized an 

 33  



 

area in the VLPFC that shows sustained activity in response to face stimuli (Courtney et al., 

1997; Haxby et al., 2000; Sala et al., 2003). Similarly, a specific activation of the VLPFC during 

the performance of an object WM task has been found suggesting an involvement of the VLPFC 

in the maintenance of nonspatial information (Ventre-Dominey et al., 2005). However, the 

distribution of activation in the PFC by nonspatial mnemonic information may not be 

straightforward, but depend on the type of stimuli to be memorized. In one study, face stimuli 

that were considered to be more “pure” objects specifically activated the VLPFC but house 

stimuli that contained both spatial and nonspatial information induced activation that was 

distributed both to ventral and dorsal PFC regions (Sala et al., 2003). 

Some fMRI studies suggest that visual WM is not mediated by the PFC but posterior 

cortical regions such as the IT involved in domain specific sensory processing (Postle and 

D’Esposito, 1999; Postle et al., 2000; Hautzel et al., 2002). The IT and occipital areas of the 

ventral visual pathway are persistently activated in nonspatial WM tasks. Maintaining 

geometrical shapes in WM were shown to activate areas in the FG, LG and IT (Postle and 

D’Esposito, 1999; Postle et al., 2000; Hautzel et al., 2002). Similarly, color processing in WM 

activated occipitotemporal areas corresponding to color-specific area V4 (Mohr et al., 2006). 

Face processing in WM has been assigned to the FFA in the human brain (Courtney et al., 1997; 

Druzgal and D’Esposito, 2001, 2003; Sala et al., 2003). Additionally, persistent FFA activity has 

been shown to increase linearly with the number of faces that are actively maintained in WM 

(Druzgal and D’Esposito, 2001, 2003) suggesting that this area is involved in maintaining and/or 

manipulating face information in WM. Furthermore, the load-dependent activation in these 

studies were shown both for the FFA and PFC but with a context-dependent shift in the onset of 

PFC activity relative to FFA activity suggesting a bottom-up flow of information at encoding 

which changes to top-down flow at retrieval. Studies employing TMS during nonspatial WM task 

performance have shown that bilateral TMS over temporal cortex selectively disrupts the 

performance of visual object task (Oliveri et al., 2001) and rTMS over VLPFC disrupts memory 

for faces (Mottaghy et al., 2002) thus providing support for the findings of fMRI and single-unit 

recording studies of the organization of nonspatial WM. 
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2.3. Cortical processing of audiospatial and visuospatial information 

In keeping with information processing in the visual system, auditory information is 

processed in parallel pathways with some areas specialized to processing of sound features and 

some to sound location. However, in the visual system, information of one visual hemifield is 

sent to the contralateral hemisphere but in the auditory system, both hemispheres receive 

information from both ears (Bear et al., 2001). Information from auditory hair cells is transmitted 

through the spiral ganglion of the cochlea into the brain stem (Kandel et al., 2000; Bear et al., 

2001). Sound intensity is encoded by the number of active neurons in the spiral ganglion and 

their firing rate whereas sound frequency is represented in a tonotopic map that is preserved in all 

structures of auditory pathways including those in the cortex. Efferent fibers of spiral ganglion 

neurons that contribute to the VIII vestibulo-cochlear cranial nerve, the auditory nerve, carry 

auditory information through several stages of auditory processing that occurs within the brain 

stem, specifically in the cochlear nuclei, olivary complex and lateral lemniscus (Moore, 1997). 

Projections from the cochlear nuclei are thought to convey different aspects of auditory 

information (Martin, 1996): they may participate in the frequency encoding or sound localization 

(Kandel et al., 2000; Bear et al., 2001). Auditory fibers cross the midline at several levels, many 

already at the level of pons synapsing on the nuclei of the trapetzoid body on their way to the 

contralateral side. Significant portion of cochlear nuclei efferents project ipsilaterally to the 

superior olivary complex. This complex represents the first level where information from both 

ears is integrated and plays an important part in sound localization. The efferents from the 

superior olivary complex project through the lateral lemniscus to the inferior colliculus of the 

midbrain that is suggested to have an important role in sound localization and in the analysis of 

temporal sound patterns. From the inferior colliculus, auditory fibers project to the medial 

geniculate body of the thalamus and further to the primary auditory cortex. 

The human primary auditory cortex is located in the transverse gyrus of Heschl on the 

superior temporal gyrus corresponding to BA 41 (Morosan et al., 2001). The areas anterior and 

posterior to the primary cortex at the superior temporal plane and gyrus are described as auditory 

associative areas. The number, location, and organization of fields in the human auditory cortex 

are not known precisely. The division of the functional areas within auditory cortex is more clear 

in nonhuman primates. Experiments in monkeys have indicated 15 or more cortical areas 

involved in auditory processing (Kaas and Hackett, 1998) with some specialization of areas to 
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processing of location or features of sound. The auditory cortex of nonhuman primates consists 

of several tonotopically organized areas that form the core of the auditory cortex surrounded by 

the belt and parabelt areas (Rauschecker et al., 1995). The core receives direct projections from 

the medial geniculate body of thalamus and is responsive to pure tones whereas the belt receives 

its richest input from adjacent core areas and responds to complex auditory stimuli such as 

narrow-band noise and species specific vocalizations (Rauchecker et al., 1995, 1997). Neurons in 

the posterior part of the belt are more selective to the location of sounds while neurons in the 

anterior belt are more responsive to the content of sounds, suggesting segregation of “what” and 

“where” processing streams in the auditory system (Rauschecker and Tian, 2000; Tian et al., 

2001). The parabelt is largely dependent on the input provided by the belt neurons and like the 

belt, responds best to complex auditory stimuli (Kaas and Hackett, 2000). Efferents from the 

parabelt project to the temporal auditory associative and polymodal cortices, to parietal areas 

involved in guiding reach, and to frontal areas involved in WM, oculomotor, reward, emotional, 

and motivational functions. Thus, the auditory information is processed in several parallel 

streams which may have different functional roles. However, there is cross-talk between these 

streams and reciprocal connections with subcortical thalamic structures. Some auditory 

information circumvents the primary auditory cortex, and is shunted directly to the polysensory 

frontal, parietal and temporal areas. 

Perception of space is crucial for the survival of an organism and mostly executed by visual 

and auditory systems. There are considerable similarities in the cortical organization of auditory 

and visual systems: in both of them information about spatial properties of the outside world is 

thought to flow from primary cortical areas via the dorsal route to higher order processing areas. 

Coherent perception of the world around us requires integration of auditory and visual 

information which is proposed to occur in higher order association areas of the neocortex 

(Ghazanfar and Schroeder, 2006). Mnemonic processing of auditory and visual locations 

activates a distributed network of brain areas in the PFC and PPC. It is still controversial whether 

auditory and visual information is processed in parallel in brain networks involved in modality 

specific spatial processing (Bushara et al., 1999; Kikuchi-Yorioka and Sawaguchi, 2000) or in 

common neuronal networks involved in integration of this information (Martinkauppi et al., 

2000). 
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2.3.1. Sensory processing 

Sensory processing of auditory spatial information has been assigned to cortical areas 

within the dorsal processing pathway (Rauschecker and Tian, 2000; Alain et al., 2001; Maeder et 

al., 2001) beginning in the posteromedial planum temporale at the early perceptual level (Warren 

and Griffiths, 2003; Barrett and Hall, 2006) and projecting to posterior temporo-parietal regions 

(Zatorre et al., 2002). Active auditory localization tasks consistently activate the right inferior 

parietal cortex (Bushara et al., 1999; Weeks et al., 1999; Zatorre et al., 2002). Other activated 

areas have been found in the SPL, DLPFC, SFG/SFS and the temporal cortex with activity 

confined mostly to the posterior temporal areas and with more consistent activation in the right 

hemisphere (Bushara et al., 1999; Arnott et al., 2004). Auditory spatial attention has been found 

to involve a network in the right hemisphere, mainly fronto-parietal cortical regions (Coull and 

Frith, 1998; Zatorre et al., 1999). 

Involvement of the dorsal network of brain areas in sensory processing of spatial 

information was first discovered in the visual system (Mishkin et al., 1983). The first node in the 

dorsal pathway after V1, the human area MT in the temporal-parietal-occipital junction is 

selectively activated by movement and the direction of movement in space (Tootell et al., 1995, 

1996). However, the crucial nodes of the dorsal pathway for spatial perception are thought to be 

within the PPC that is involved in the coding of spatial locations of visual information in the 

service of visual guidance of action, attention and WM (Andersen et al., 1997; Husain and 

Nachev, 2007). Tasks involving reaching a visual target (Culham et al., 2006) or spatial attention 

(LaBar et al., 1999; Vanderberghe et al., 2001; Corbetta and Shulman, 2002) activate parts of the 

SPL or IPS, areas that are specifically implicated in spatial processes, while other regions of the 

PPC may be involved in other, nonspatial processes (Husain and Nachev, 2007). Visual spatial 

processing activates preferentially areas in the right hemisphere (Weintraub and Mesulam, 1987; 

Coull and Frith, 1998; Vanderberghe et al., 2001). Other activated areas in visuospatial tasks are 

found in the PFC, SFG and around the intersection of the SFS and precentral sulcus (LaBar et al., 

1999; Vanderberghe et al., 2001; Corbetta and Shulman, 2002; Giesbrecht et al., 2003). 

Integration of audiospatial and visuospatial sensory information is fundamental for 

producing a coherent perception of the outside world. The current knowledge about cortical 

integrative processes is rather limited, but several multisensory cortical areas have been 

associated with these processes (Calvert, 2001). Areas within the superior temporal sulcus (STS), 
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IPS, parieto-occipital cortex, posterior insula and PFC (Jones and Powell, 1970; Chavis and 

Pandya, 1976; Seltzer and Pandya, 1978, 1980; Mesulam and Mufson, 1982) are considered to be 

multisensory due to their connections with multiple unimodal areas. Moreover, these 

multisensory areas contain cells that respond to the stimulation of more than one modality 

(Benevento et al., 1977; Vaadia et al., 1986; Graziano and Gross, 1998). Neurons at the temporo-

parietal junction are reported to constitute a multimodal representation of space (Leinonen et al., 

1980). Furthermore, neurons in the ventral intraparietal areas respond to both visual and auditory 

spatial stimuli with overlapping visual and auditory receptive fields (Schlack et al., 2005). 

Recently, the response of STS neurons to visual motion was found to be modulated by the 

corresponding auditory component when the auditory signal was congruent with the visual cue 

(Barraclough et al., 2005). Bimodal responses have been recorded from neurons in the DLPFC 

and VLPFC of the monkey brain during auditory and visual localization tasks (Vaadia et al., 

1986). Furthermore, neurons in the premotor cortex have been shown to integrate visual and 

auditory spatial information (Graziano et al., 1994, 1999). 

Areas of the lateral PPC including the IPS, lateral PFC, medial SFG, anterior cingulate and 

anterior insula were found to be involved in cross-modal motion discrimination when the two 

unimodal activation maps were superimposed (Lewis et al., 2000). Comparison of the crossmodal 

condition with the combined unimodal tasks demonstrated audiovisual integration mainly in the 

IPS, medial SFG and anterior insula. A more recent study using fMRI and cross-modal 

audiovisual stimuli showed location specific activation in the right IPS providing evidence that 

also cross-modal “where” information is handled in brain areas belonging to the dorsal 

processing route (Sestieri et al., 2006). 

 

2.3.2. Mnemonic processing 

WM processing of auditory spatial information has been shown to involve brain areas in the 

auditory associative cortices, SPL, IPL, SFG/SFS and DLPFC, and also in the VLPFC (Bushara 

et al., 1999; Weeks et al., 1999; Alain et al., 2001; Martinkauppi et al., 2000; Zatorre et al., 

2002). Likewise, visuospatial WM has been shown to involve corresponding areas of the fronto-

parietal network in the SPL, IPL, SFG/SFS, DLPFC and VLPFC (Courtney et al., 1996; Belger et 

al., 1998; Carlson et al., 1998). 
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Current knowledge about integrative processing of audiospatial and visuospatial mnemonic 

information is very limited and the discussion whether auditory and visual information is 

processed in parallel in brain networks involved in modality specific spatial processing or in 

common neuronal networks involved in integration of this information is still going on. Neurons 

in the monkey PPC were found to respond to both visual and auditory stimuli during an 

oculomotor DR task in which the monkey had to make a saccade towards a memorized location 

of the stimulus (Mazzoni et al., 1996). In another study employing single cell recordings during a 

spatial DR task performance, the DLPFC of the monkey brain was shown to contain visual 

specific and auditory specific mnemonic neurons (Kikuchi-Yorioka and Sawaguchi, 2000). 

However, many of the recorded delay related neurons of this study were spatially tuned in both 

auditory and visual trials. The results obtained by DR paradigms are not unequivocal because 

directionally selective, bimodal delay period responses in a DR task may reflect neuronal 

processing related to motor preparation, memory or both. Neuroanatomical tracing studies have 

demonstrated that both auditory and visual modalities are represented in the DLPFC, and 

functional mapping of the monkey brain has shown a considerable overlap of auditory and visual 

areas in the PFC (Poremba et al., 2003). The results of a recent behavioral study in humans 

showed that a load increase in auditory and visual spatial WM tasks results in very similar 

declines in the performance level of both tasks, supporting the assumption of a common memory 

system with limited resources for both modalities (Lehnert and Zimmer, 2006). Additional 

support for the integration of auditory and visual information was provided in an fMRI study that 

demonstrated a very similar distribution of activation in the frontoparietal network during both 

auditory and visual WM tasks (Martinkauppi et al., 2000). In contrast, another study found 

modality specific subareas for auditory and visual localization in the superior parietal, middle 

temporal and lateral prefrontal cortices (Bushara et al., 1999). These seemingly contradictory 

results may be due to differences in experimental designs of the studies, e.g. to the type of task 

and sensory stimulation used. In addition to spatial audiovisual integration of information, there 

is evidence of nonspatial multimodal processing. Neurons in the DLPFC were shown to form 

mnemonic cross-modal associations between tones and colors (Fuster et al., 2000). Similarly, 

neurons in the VLPFC were demonstrated to integrate auditory and visual components of 

communication stimuli, monkey faces and vocalizations, in those trials in which the two signals 

were congruent (Sugihara et al., 2006). 
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3. AIMS OF THE STUDY 

 

The first aim of this study was to investigate, using behavioral and neuroimaging methods, 

whether mnemonic processing of spatial and nonspatial visual information is segregated in the 

developing and mature human brain. The second aim of this study was to investigate the 

organization and development of audiospatial and visuospatial information processing in WM. 

 

The more specific aims were: 

 

I. To find out at the behavioral level whether task-irrelevant selective distraction affects 

differently the performance of spatial and nonspatial visual WM tasks in adult subjects. 

 

II. To investigate the development of audiospatial and visuospatial WM at behavioral level and to 

determine the effect of age and gender on spatial WM performance. 

 

III. To evaluate how the performance of audiospatial and visuospatial WM tasks is related to the 

academic performance level and to behavioral and emotional symptoms in children. 

 

IV. To find out whether, at single cell level, audiospatial and visuospatial mnemonic information 

is integrated in the monkey DLPFC, that is, whether this cortical area contains neurons that 

respond to both auditory and visual stimuli during WM performance. 

 

V. To study the developing brain with the fMRI technique in order to elucidate whether attention 

and WM processing of spatial and nonspatial information in children aged 11-13 is segregated as 

suggested by domain-specific model and to investigate the distribution of cognitive task induced 

deactivation. 
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4. METHODS 

4.1. Subjects 

Altogether 95 healthy subjects with no history of hearing disorders and with normal or corrected 

to normal vision participated in the experiments. The single cell recordings were performed in 

two female rhesus monkeys (Macaca mulatta). 

Study I. Twenty subjects (11 females and 9 males, ages 18-44, mean 27 years). 

Studies II and III. Sixty six subjects (32 females and 34 males, ages 6-13, mean 10). 

Study IV. Two animals (2 female rhesus monkeys, 5.5 kg and 4.0 kg). 

Study V. Nine subjects (9 females, ages 11-13, mean 12). 

 

Each participant and the parents of the children gave an informed consent for participation in the 

studies, which were approved by the Ethics Committee for Pediatrics, Adolescent Medicine and 

Psychiatry, and the Department of Radiology at the Helsinki University Central Hospital. The 

children were screened for psychiatric symptoms with Child Behavior Checklist (CBCL, 

Achenbach, 1991), Children´s Depression Inventory (CDI, Kovacs, 1985) and Teacher Report 

Form (TRF, Achenbach, 1991). The maintenance of the monkeys and all procedures of Study IV 

were carried out according to the Finnish law and statutes governing animal experimentation. The 

study was approved by the Institutional Animal Care and Use Committee and the Finnish 

Ministry of Agriculture. 

 

 

4.2. Stimuli 

Study I. The stimuli were rectangles (duration 100 ms) presented randomly in one of eight 

locations around a fixation cross on the computer screen. The interval between the task relevant 

stimuli was 3125 ms. In the spatial task the stimuli were gray, and in the color task we used eight 

colors with equiprobable occurrence. 

The distractors were irrelevant to the n-back task performance and the subjects were instructed to 

ignore them. They were a pair of rectangles presented twice in the middle of the delay between 

consecutive memoranda with an interval of 250 ms between them. The location of the distractors 

was one of the eight possible locations used in the n-back task. The spatial distractors were 

identical to the memoranda of the spatial task and the color distractors to the memoranda of the 
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color task. In the visuospatial task, the location of the color and spatial distractors was different 

from that of the memoranda. In the color task, the color distractors appeared at the same location 

as the test stimuli but had a different color, whereas the location of the spatial distractors was 

different from that of the memory stimulus. The presentation of the stimuli was controlled by a 

computer program (NeuroScan,) which also collected the behavioral data (correct, incorrect, 

multiple and missed responses, and reaction times (RTs)). 

 

Studies II-III. The visual stimuli were light gray squares (duration 100 ms) presented randomly in 

one of eight locations around a fixation cross on the computer screen with an interval of 3225 ms 

(delay period). The auditory stimuli were sinusoidal tones (2250 Hz, duration 100 ms, rise/fall 

time 10 ms) presented binaurally through earphones in one of three locations: left, right and 

middle. The left and right locations were simulated by an interaural intensity difference of 17 dB 

(about 58 and 75 dB sound pressure level for each ear), and the middle location by presenting the 

tones binaurally at an equal intensity (about 70 dB sound pressure level). The presentation of the 

stimuli was controlled by a computer program (Presentation, Neurobehavioral Systems, Inc.) 

which also collected the behavioral data (correct, incorrect, multiple and missed responses, and 

RTs). 

 

Study IV. The visual stimulus was a green light emitting diode (LED, duration of first cue 500 

ms, second cue 100 or 300 ms) presented either on the left or right side of the central LED on the 

screen. The auditory stimulus was a tone (500 Hz, mean loudness approximately 72 dB sound 

pressure level, duration of first cue 500 ms, second cue 100 or 300 ms) from one of two 

loudspeakers (left or right). The interval between the task relevant stimuli was 2000 or 3000 ms. 

The presentation of the behavioral task and the collection of the data were controlled by a 

software package (Cortex 3.1). 

 

Study V. The stimuli were colored squares (duration 200 ms) presented randomly in one of eight 

locations around a fixation cross. The color of the stimulus was chosen randomly from five 

colors. In both the location and color tasks the stimuli were the same (the eight locations and five 

colors of squares occurred equiprobably in a pseudorandom order). The stimuli were delivered 

onto a semitransparent screen and viewed by the subjects from a mirror positioned on the 
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headcoil of the MRI scanner. The interval between the memory stimuli was 2500 ms. The 

presentation of the stimuli was controlled by a computer program (Presentation, Neurobehavioral 

Systems, Inc.) which also collected the behavioral data (correct, incorrect, missed and multiple 

responses, and RTs). 

 

4.3. Tasks and experimental design 

Study I. The experiments were conducted using location and color n-back tasks with two load 

levels (1-back and 2-back) (Fig. 4.3.1). Task-irrelevant visual distraction was presented in part of 

the experimental blocks in the middle of the delay. In the location 1-back task, the subject 

pressed the left button of the mouse with the right index finger whenever the stimulus was in the 

same location as the previous one (match trials, 30 %) and in the 2-back task, when it matched 

the stimulus presented two trials back, and the right button with the middle finger if in any other 

location (non-match trials). In the color n-back tasks, the subject responded on the basis of the 

color of the stimulus independent of its location. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.1. Illustration of five trials of the color and location 0-, 1- and 2-back tasks, and audiospatial 0-, 1- and 2-
back tasks. In the 0-back tasks, the left button of the mouse was pressed whenever the stimulus was red (color task) 
or was in the predetermined location (location and audiospatial tasks). When the stimulus had the same color (color 
task) or location (location task) as the previous stimulus (1-back) or the stimulus two trials back (2-back) the subject 
pressed the left button. In all other trials the right button was pressed. L, left; M, middle, and R, right. Vertical 
arrows mark the match trials for 0-, 1- and 2-back tasks. Dashed horizontal lines show the stimuli that were 
compared in 1- and 2-back tasks. 
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Studies II-III. The experiments were carried out using visuospatial and audiospatial n-back tasks 

with three load levels (0-, 1- and 2-back) (Fig. 4.3.1.). In the visual 0-back task, the subject 

pressed the left button of the mouse with the right index finger if the stimulus appeared in a 

predetermined location (upper left location), and the right button with the middle finger if in any 

other location. In the visual 1-back task, the subject pressed the left button whenever the stimulus 

was presented in the same location as the previous one (match trials, 30 %) and in the 2-back 

task, when it matched the stimulus presented two trials back, and the right button if in different 

location (non-match trials). In the auditory 0-back task the predetermined match location was in 

the middle. Otherwise the auditory tasks were performed as the visual tasks. 

 

Study IV. The monkeys were trained to perform auditory and visual spatial delayed matching to 

sample (DMTS) tasks (Fig. 4.3.2.). A trial started when the monkey pulled a lever with the right 

hand and visually fixated a central LED. Eye movements were recorded with an infrared eye-

movement tracker that was mounted on the halo attached to the monkey’s head, and with the 

Cortex program. Visual fixation of the central LED was required throughout the trial until the 

reward (a drop of juice) was delivered. The central visual fixation was considered broken when 

the monkey’s gaze moved outside of a central eye-window, and the trial was automatically 

discontinued. After 700 ms of visual fixation and holding of lever, a visual or an auditory cue 

was presented either on the left or right side of the central LED. During the delay period the 

monkey had to continue holding the lever and keep in mind the location (left or right) of the first 

cue (visual or auditory). A second cue of the same modality was presented at the end of the delay. 

When the second cue appeared at the same location as the first cue (match trials), the monkey 

was required to release the lever within 1000 ms to get the reward. If the location of the second 

cue was different from that of the first cue (nonmatch trials), the monkey was required to 

continue holding the lever for 2000 ms after the second cue to get the reward. The intertrial 

interval varied between 2 and 4 seconds. Auditory and visual trials were randomly interleaved, 

and match and nonmatch trials were presented in a random order. 
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Fig. 4.3.2. Illustration of auditory and visual DMTS tasks. The monkey was trained to memorize either a visual or an 
auditory cue location (Cue 1) and, after a delay, to compare the location of the second cue (Cue 2) to that of the first. 
 

 

Study V. The study was performed using location and color n-back tasks with different load 

levels (0- and 2-back) and a Rest condition (Fig. 4.3.1.). In the location task, the subject pressed 

with the right index finger the left button of a mouse pad when the square appeared in a 

predetermined location (0-back), when the current square was in the same location as the one 

before (1-back) or two before (2-back) and with the right middle finger the right button if in any 

other location. In the color n-back tasks, the subject responded on the basis of the color of the 

stimulus independent of its location. The predetermined match color in the color 0-back task was 

red. In the Rest condition subjects were asked to look at the fixation cross and lie still. 

 

 

4.4. Data collection and analysis 

Study I. The behavioral data (correct, incorrect, multiple and missed responses, and RTs) were 

collected by NeuroScan software (Compumedics Neuroscan, Charlotte, NC, USA). Two-way 

analysis of variance for repeated measures (ANOVA, BMBD program package, Statistical 

Solutions, Saugus, MA, USA) was used to test the main effects of Load (1-back and 2-back) and 

Experimental condition (normal, spatial, and color distraction) on the number of incorrect 

responses, RTs, and subjective difficulty level. If the rmANOVA gave a significant main effect 
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(P < 0.05), further analyses were performed with one-way ANOVA or Friedman’s test and 

Wilcoxon non-parametric (accuracy data, difficulty level) or Student’s parametric t-tests (RTs 

data). 

 

Studies II-III. The behavioral data (percentages of incorrect, missed and multiple responses, RTs, 

and subjective difficulty level) was collected by Presentation software (Neurobehavioral Systems, 

Inc., San Francisco, USA). Analysis of variance for repeated measures (ANOVA) was applied to 

the data and the significance level was set at P < 0.05. If the rmANOVA gave a significant main 

effect, further analyses were performed with Tukey HSD and paired t-tests. Task (visual vs. 

auditory) and Load (0-back, 1-back, 2-back) served as within, and Age and Gender served as 

between factors in the design. The analysis was carried out by stacking the repeated measures and 

indicating their attributes with dummy variables (Kerlinger, 1976). The nature of interaction was 

confirmed by using residual scores where the main effects were partialled out. The effect of Age 

was analyzed by treating it as a continuous variable and within three subgroups (6-8, 9-10, 11-13 

year olds). In study III, the parameters at different load levels (0,1,2) correlated highly with each 

other (all correlation coefficients >.781) and were combined into one outcome parameter (mean 

of the responses at load levels 0,1,2) for the statistical analyses. Partial correlations controlling 

for Age and Gender were used to assess the associations between working memory parameters 

and the teacher reported academic performance and psychiatric symptoms. Additionally, the 

Hierarchical Linear Model (HLM) was used to control the variable of load level. The three 

memory load levels formed a strongly dependent set of scores within each individual and 

therefore the data were stacked to carry out the HLM procedure using the memory load levels as 

dummy variables. This increase in the number of observations is taken into account by the 

method (Bryk and Raudenbush, 2002; Goldstein, 2003). The analysis was carried out using the 

mixed-module of the SPSS program package. The standardized regression coefficient from the 

HLM is the third index of controlled association. When all three coefficients were significant we 

continued to examine visually the bivariate scatter-plots in the three age groups (6–8-, 9–10-, and 

11–13-year-olds). 

 

Study IV. When the DMTS tasks were mastered to a criterion of >70% correct, a recording 

cylinder was implanted over the DLPFC covering the cortical area of and around the principal 
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sulcus. Extracellular single cell activity was recorded with tungsten microelectrodes in the 

DLPFC. During the recording session the monkey’s head was fixed to the chair with a halo and 

its left arm was restrained. Recordings were performed in both hemispheres of the monkeys. The 

monkey performed about ten trials of each left and right, auditory and visual, match and 

nonmatch task during the recording of one neuron. 

 

 

 

 

 

 

 

Fig. 4.4.1. Illustration of the location of the recording cylinder in the DLPFC and the distribution of the 
microelectrode penetrations in relation to the stereotaxic x – y coordinates where responses were recorded to the 
visual cue ( ), visual delay ( ), auditory cue ( ), auditory delay ( ), auditory and visual cue ( ), and auditory and 
visual delay ( ). A = anterior, P = posterior, M = medial, L = lateral, SP = Sulcus Principalis. Anatomical MRI of 
the monkey brain shows the centers (long white bars) and the edges of the plastic cylinders that are visible on the 
surface of the head. 
 
Single cell recordings. The firing of a single neuron was isolated from the amplified and filtered 

neuronal activity and digitized by a window discriminator. During data collection, on-line rasters 

and histograms corresponding to the different task conditions were produced of the recorded data. 

The data were later analyzed off-line and rasters and peristimulus time histograms were produced 

for each condition by aligning the data at the following temporal events: start of visual fixation, 

start of lever pulling, stimulus onset/offset, start of response period, reward. Changes in a unit’s 

discharge rate with the different phases of the trial (cues, delay, response, reward) were 

investigated by analyzing the data statistically using one-way ANOVA followed by Tukey-

Kramer multiple comparisons test. Baseline activity was calculated from the 700-ms period 

before the first cue. When the discharge rate during one or more phases of the trial was 

significantly different from the baseline (P < 0.05), the neuron was considered to be task related. 

Spatial selectivity of single cells. To investigate whether the cue or delay related neuronal activity 

was spatially selective, the firing rate during the cue or delay periods was analyzed between the 
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left and right locations using unpaired t-test. In this test P<0.05 was considered to represent a 

significant difference. To compare quantitatively the properties of spatially selective responses 

with respect to the auditory and visual cues and delay periods (delay is the time period between 

the offset of the first cue and the onset of the second cue), the onset latency and the 

discriminative ability index (DI) were calculated. For this purpose, the spike activity of each 

spatially selective neuron was low-pass filtered by convolution with Gaussian distribution with 

standard deviation of 5 ms and resampling resolution at 1 ms. A spike density function was 

created for the periods of the baseline, first cue and delay (MacPherson and Aldridge, 1979; 

Wiener and Richmond, 1999) and a confidence interval (CI) of 99% from the baseline was used 

as a threshold for departure from the baseline. Low-pass filtering, spike density functions and CI 

were generated with a custom made script on Matlab 6.5 (The MathWorks Inc., Natick, MA, 

USA). The onset latency was determined as the time point at which the value of the function was 

50% of the height from the 99% CI threshold line to the peak of the response (MacPherson and 

Aldridge, 1979). In case the response started very sharply, the filtering distorted the result 

because the function became too spread out. In these few cases the onset latency was defined 

from the unfiltered data. The discriminative ability index (DI) for the spatial locations of the 

neuronal responses during the cue and delay periods was calculated using the following equation 

(Kikuchi-Yorioka and Sawaguchi, 2000): 

DI = |DR – DL|/(DR + DL) 

DR and DL refer to the discharge rates for the right and left location of the cue during the period 

of interest. The cue and delay related activity was calculated from the time point when activity 

deviated from the 99% CI until its fading (time point when activity returned to the 99% CI). 

However, if the response exceeded the limits of the respective phase of the task, only that part of 

the response that occurred within the limits was included in the calculation. The auditory and 

visual DI values were compared using unpaired t-test. A P<0.05 was considered to represent a 

significant difference. 

Magnetic resonance imaging. To confirm the location of the recorded neurons in the PFC, we 

removed the stainless steel recording cylinder from the skull of the monkeys and acquired a high 

resolution structural magnetic resonance image set using a 1.5 T scanner (Siemens Sonata) and 

T1-weighted three-dimensional magnetisation prepared rapid gradient echo (3D-MPRAGE) 

sequence, 176 sagittal slice planes with a thickness of 0.7 mm, with no gap, matrix 256 × 256, 
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field of view (FoV) 180 mm, repetition time (TR) 1900 ms, echo time (TE) 3.68 ms, inversion 

time (TI) 1100 ms. For this purpose the monkeys were anaesthetized and put into a magnetic 

resonance imaging (MRI) compatible stereotaxic device that was designed to fit the head coil in 

the scanner. Plastic cylinders were attached to the skin of the monkey’s head at the 

stereotaxically defined location where the recording cylinder had been. There were holes in the 

center and near the edge of the plastic cylinder and in the center of the ear bars. These holes were 

filled with vaseline to make the location of the cylinder and ear bars visible in the anatomical 

image and mark the stereotaxic zero level (Fig. 4.4.1.). 

 

Study V. The functional magnetic resonance (fMRI) data was acquired using the 1.5 T Siemens 

Vision scanner (Siemens, Erlangen, Germany). Each MR imaging session began by acquiring a 

structural image set of the subject’s head (180 sagittal slices with a thickness of 1 mm) using a T1 

-weighted 3D-MPRAGE sequence with FoV 256 mm, matrix 256 × 256, TR 9.7 ms, TE 4 ms, TI 

20 ms and flip angle 10°. For fMRI we used a gradient-echo echo-planar sequence: 20 transaxial 

5 mm thick slices with a 0.5 mm gap between them, FoV 256 mm, matrix 64 × 64, TR 2500 ms, 

TE 70 ms, flip angle 90°. During the acquisition of these images, the subjects lay still in the 

magnet and performed location and color working memory tasks. 

Data analysis was carried out using software tools from the FSL package from Oxford Centre for 

Functional Magnetic Resonance Imaging of the Brain. The following pre-statistics processing 

was applied; motion correction using MCFLIRT; non-brain removal using BET (Smith, 2002); 

spatial smoothing using a Gaussian kernel of FWHM 8 mm; mean-based intensity normalization 

of all volumes by the same factor and highpass temporal filtering. To exclude the spin saturation 

effects, we discarded the first five volumes of the dataset. Time-series statistical analysis was 

carried out using FILM with local autocorrelation correction (Woolrich et al., 2001). Z 

(Gaussianised T/F) statistic images were thresholded using clusters determined by Z>2.7 and a 

(corrected) cluster significance threshold of P<0.05 (Worsley et al., 1992). The functional image 

datasets were registered to the subjects’ high-resolution structural scans followed by registration 

to International Consortium for Brain Mapping T1-weighted standard brain (ICBM 152) using 

FLIRT (Jenkinson and Smith, 2001; Jenkinson et al., 2002). Higher-level analysis was carried out 

using FLAME (FMRIB’s Local Analysis of Mixed Effects, Beckmann et al., 2003; Woolrich et 

al., 2004). The thresholding of the statistical images in the higher-level analyses was identical to 
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the first-level analyses. The MNI coordinates of the local maxima of the centers of mass of the 

significantly activated voxel clusters were determined using FEAT. The anatomical regions 

covered by the voxel clusters were determined using a custom made script that automated 

anatomical labeling by using the labeling of the ICBM individual brain by Tzourio-Mazoyer et 

al. (2002). The anatomical location of significant hemodynamic changes and their corresponding 

Brodmann’s areas (BAs) were confirmed using anatomical brain atlases (Talairach and 

Tournoux, 1988; Duvernoy, 1999). 

In the first-level analysis of the data, the four task conditions (L0, C0, L2 and C2) were used as 

explanatory variables and contrasts were performed between these task conditions and the Rest 

condition resulting in four output Z statistic images for each subject. In the second-level analysis, 

these output images were used as inputs in a repeated-measures two-way mixed effect analysis of 

variance (ANOVA) treating subjects as a random factor and task (color and location) and load (0-

back and 2-back) as within subject factors. Further analyses were limited to the areas of the Z 

statistic images that passed the F-tests. The voxels that exhibited either a significant main effect 

of Task, Load or Interaction Task x Load were identified. Statistical analysis of the behavioral 

data was performed using analysis of variance for repeated measures (ANOVA). Load or task 

was used as a within factor variable. The significance level was set at P<0.05. If the ANOVA 

gave a significant main effect, post hoc tests were performed with Tukey HSD and paired t-tests. 

 

All experiments for human subjects started with a short training session and all blocks of the 

memory tasks began with the presentation of an instruction figure. After all experiments, the 

subjects filled in a questionnaire and evaluated the difficulty level of the tasks using a five-point 

scale (1= very easy, 2= easy, 3= intermediate, 4= difficult and 5= very difficult). In the 

questionnaire they were also asked to describe the possible strategies they had used during the 

working memory task. First they were asked to describe their strategy in their own words and 

then to specify if they had thought of a visual image, named a color or a location subvocally, or if 

they had thought of a color or location but had not subvocalized it. 
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Study Sub- 

jects 

Age 

(mean) 

Paradigm Stimuli Method 

I 20 18-44(27) Lo1, Lo2, C1 & C2 Lo: 8 locations 

C: 8 colors 

Behavioral 

II 

III 

66 6-13(10) A0, A1, A2, V0, 

V1 & V2 

AS: L, M, R (2250 Hz) 

VS: 8 locations 

Behavioral 

IV 2  AS-DMTS &  

VS-DMTS 

AS: L & R (500 Hz) 

VS: L & R 

Electrophys. 

V 9 

 

11-13(12) 

 

Lo0, Lo2, C0 & C2 

 

Lo: 8 locations 

C: 5 colors 

fMRI 

 
Table 1. Summary of methods. 
Location (Lo), color (C), 0-back (0), 1-back (1), 2-back (2), auditory (A), visual (V), audiospatial (AS), visuospatial 
(VS), left (L), middle (M) and right (R). 
 

5. RESULTS 

Study I. Effect of selective distraction on visual working memory processing 

Visuospatial n-back task. Memory Load had a significant main effect on accuracy (F(1,9) = 9.95, 

P< 0.05), RTs ((F(1,9) = 27.80, P< 0.001) and subjective difficulty level (F(1,9) = 24.24, P< 

0.001). Subjects made more incorrect responses and had longer RTs in the 2-back than 1-back 

tasks which were also evaluated as more difficult (Fig. 5.1, A). Experimental condition affected 

significantly the performance accuracy (F(2,18) = 7.86, P< 0.005), RTs (F(2,18) = 3.66, P< 0.05) 

and subjective difficulty level (F(2,18) = 18.46, P< 0.001). There was also a significant 

interaction of Experimental condition x Load on the RTs (F(2,18) = 5.90, P< 0.05). In the 1-back 

task, distraction affected the RTs (F(2,9) = 3.84, P< 0.05) but had no effect on accuracy. Spatial 

distraction induced longer RTs than color distraction (T(9) = 3.07, P < 0.05). In the 2-back task, 

distraction affected both the RTs (F(2,9) = 4.39, P< 0.05) and performance accuracy (Fr = 6.69, P 

< 0.05) (Fig. 5.1, A). Subjects had longer RTs (T(9) = 3.61, P < 0.01) and made more incorrect 

responses (T(8) = 1.5, P < 0.05) during spatial than color distraction. In the 1-back task, the 

spatial distraction condition was considered significantly more difficult than the normal task 

(T(8) = 0.00, P < 0.01). In the 2-back task, both color (T(7) = 1.00, P < 0.05) and spatial (T(9) = 
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0.00, P < 0.004) distraction conditions were considered more difficult than the normal task (Fig. 

5.1,A). 

In the 1-back task, five subjects reported using spatial and two verbal strategies. In the 2-back 

task, seven subjects used a spatial strategy and three subjects a spatial strategy combined with a 

subvocal verbal rehearsal strategy. 

Color n-back task. Memory Load, but not Experimental condition, had a significant main effect 

on accuracy (F(1,9) = 9.01, P< 0.05) and RTs (F(1,9) = 14.30, P< 0.005) (Fig. 5.1,B). The 

subjective difficulty level was affected both by the Load (F(1,9) = 46.73, P < 0.001) and 

Experimental condition (F(2,18) = 23.78, P < 0.001). Both in the 1-back (T(10) = 0.00, P < 

0.005) and 2-back (T(7) = 0.00, P < 0.05) task, the color distraction condition was considered 

significantly more difficult than the normal task, whereas there was no significant difference 

between the spatial distraction and normal condition (Fig. 5.1,B). In the 1-back task most subjects 

(n = 7) had used a verbal strategy, and in the 2-back task all subjects reported having used a 

verbal strategy. 

Color n-back task with verbal load. The main effects of Load (F(1,8) = 54.54, P < 0.001), 

Experimental condition (F(2,16) = 5.67, P < 0.05) and their interaction (F(2,16) = 6.50, P < 0.01) 

on the number of incorrect responses were significant. As in the spatial task, the distraction 

significantly affected the performance accuracy only in the 2-back task (Fr = 11.29, P < 0.005). 

In contrast to the spatial task, color (T(9) = 0.00, P < 0.005), but not spatial (T(7) = 13.5, p = 

0.94), distraction caused significantly more incorrect responses compared with the normal task 

(Fig. 5.1,C). Load had a significant main effect on the RTs (F(1,8) = 17.64, P < 0.005) but 

Experimental condition had no such effect (Fig. 5.1,C). The subjective difficulty level was 

affected by Load (F(1,8) = 25.07, P < 0.005) and Experimental condition (F(2,16) = 30.65, P < 

0.001). In the 1-back task, the color distraction condition was considered significantly more 

difficult than the normal task (T(9) = 0.00, P < 0.005). In the 2-back task, both color (T(7) = 0.00, 

P < 0.05) and spatial (T(6) = 0.00, P < 0.05) distraction conditions were considered significantly 

more difficult than the normal task (Fig. 5.1,C). 
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Fig. 5.1. The mean percentage of incorrect responses, RTs and subjective difficulty levels in the 1-back (open) and 
2-back (filled circles) spatial and color tasks without distraction (N), with color distraction (Cd) and with spatial 
distraction (Sd) during (A) spatial, (B) color and (C) color task with articulatory suppression. * P < 0.05, ** P < 
0.01, *** P < 0.005. 
 

 

Study II. Effect of age and gender on audiospatial and visuospatial working memory 

processing 

The effect of Age. The performance speed increased with age in all visual tasks. In auditory tasks, 

the performance speed also increased in 9-10 and 11-13 year olds, but the youngest age group 

was as fast or faster than 9-10 year olds (Table 2, Figs. 5.2,A, 5.3,A). Increase in age was related 

to improved accuracy and significantly fewer missed and multiple responses in visual and 

auditory tasks (Table 2, Fig. 5.2,A,B). This Age effect for missed and multiple responses was 
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most evident in the age group of 6-8 year olds (Table 2, Fig. 5.2,B). The youngest children 

considered the tasks more difficult than the 9-10 and 11-13 year old children who did not 

significantly differ in their evaluations (Table 2). 

 

Behavioral measure Main effect Unstand.regr. coeff. B P < 

RTs (ms) Age -50.68 0.001 

 Gender -57.9 0.01 

 Task -226.87 0.001 

 Load 81.26 0.001 

Incorrect (%) Age -3.48 0.001 

 Gender 4.31 0.001 

 Task -2.74 0.05 

 Load -1.11 n.s. 

Missed (%) Age -1.22 0.001 

 Gender -1.17 n.s. 

 Task 0.76 n.s. 

 Load 0.28 n.s. 

Multiple (%) Age -1.12 0.001 

 Gender 1.55 0.005 

 Task -0.31 n.s. 

 Load 0.72 0.05 

Subjective difficulty Age -0.14 0.001 

(ratings 1-5) Gender -6.85 n.s. 

 Task -0.19 0.05 

 Load 0.23 0.001 

(ms) Milliseconds; (%) percentage; (n.s.) nonsignificant. 

 

Table 2. Main effects of Age, Gender, Task, and Load on the behavioral measures of the performance of WM tasks. 

 

The effect of Gender. Boys performed the tasks significantly faster than girls (Table 2, Fig. 

5.3,A). In the age groups of 6-8 and 9-10 year olds, the difference in RTs between the genders 

was greater than in the age group of 11-13 year olds (interaction effect, F = 3.57, P = 0.06). Girls 

made fewer errors than boys (Table 2, Fig. 5.3,B). This difference in accuracy between the 

genders was most evident in the age group of 6-8, weaker in the age group of 9-10, and actually 
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nonexistent in the age group of 11-13 year olds (interaction effect, F = 4.25, P = 0.05). Boys 

made significantly more multiple responses than girls (Table 2, Fig. 5.3,C). This difference 

between the genders was clear in the age group of 6-8 year olds, but nonexistent in the older age 

groups (interaction effect, F = 6.86, P < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.2. The behavioral performance of auditory and visual 0-back, 1-back, and 2-back tasks in the three age groups 
of children. (A) The mean RTs and percentages of incorrect responses. (B) The mean percentages of missed and 
multiple responses. Vertical lines indicate SEM; (+) the difference is significant between 6-8 and 9-10 year olds, P 
<0.05; (++) P <0.01; (*) the difference is significant between 6-8 and 11-13 year olds, P <0.05; (**) P <0.01; (¤) the 
difference is significant between 9-10 and 11-13 year olds, P <0.05. 
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The effect of Task. All visual tasks were performed significantly faster than the corresponding 

auditory ones (Table 2). All subjects made fewer errors in the visual than the corresponding 

auditory tasks (Table 2, Fig. 5.2,A). Subjectively all auditory tasks were considered more 

difficult than the visual tasks. 

The effect of Load. The RTs in both auditory and visual tasks became longer as the memory load 

increased, and the number of multiple responses increased with increasing memory load (Table 2, 

Fig. 5.2,A,B). The difficulty of all tasks was considered to increase with increasing memory load. 

Most subjects (mean 75 %) reported that they performed all load levels of auditory and visual 

memory tasks without using any particular strategy. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3. The behavioral performance of auditory and visual 0-back, 1-back, and 2-back tasks in boys and girls in the 
three age groups of children. (A) The mean RTs, (B) mean percentages of incorrect responses, and (C) mean 
percentages of multiple responses. (F ) Female; (M) male; (Vis) visual tasks; (Aud) auditory tasks. Vertical lines 
indicate SEM. (*) The difference between boys and girls is significant, P <0.05. 
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Study III. Relationship between WM performance and academic performance level and 

psychiatric symptoms  

WM tasks and teacher reported academic performance. A high number of incorrect 

responses in auditory tasks was significantly associated with poorer academic performance at 

school. In visual tasks this association did not reach a significant level when the effects of Age 

and Gender were controlled for in the analysis. In the youngest age group (6–8-year-olds), both 

the visual and auditory incorrect response rate were associated with the academic performance (r 

= −.510, P = .022; r = −.282, P = .229, respectively). In the older age groups (9–10- and 11–13-

year-olds) only the auditory incorrect response rate was associated with the academic 

performance (r = −.443, P = .098; r = −.403, P=.078) (Fig. 5.4). No significant associations were 

found between academic performance at school and the RTs or multiple/missed responses. 
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Fig. 5.4. Scatterplots between auditory and visual incorrect response rate and teacher reported academic performance 
and internalizing scale score in the three age groups. The scores are presented in scale mean = 0, standard deviation = 
1 (e.g., in z-scores). Regression lines are presented for significant or nearly significant associations. Auditory incor = 
auditory incorrect response rate, Visual incor = visual incorrect response rate, Aca = teacher reported academic 
performance; Int = teacher reported internalizing scale score, **P<0.01. 
 

WM tasks and psychiatric symptoms. A high number of incorrect responses in both auditory 

and visual tasks were significantly associated with a high score on the teacher reported attention 

syndrome scale (Fig. 5.5). These correlations remained significant when Age and Gender, and the 

Task and Load were controlled. In visual tasks, the number of incorrect responses also correlated 

positively with the number of teacher reported emotional (internalizing) symptoms (Fig. 5.4). 

RTs were not associated with any psychiatric symptoms. 
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Fig. 5.5. Scatterplots between auditory and visual incorrect response rate and teacher reported attention syndrome 
scale in the three age groups. Att = teacher reported attention scale score, * P<0.05. All other explanations as in Fig. 
5.4. 
 

 

A high number of multiple responses in auditory and visual tasks was significantly associated 

with an increased score on the total scale of psychiatric symptoms and on the attention syndrome 

scale (Fig. 5.6). In visual tasks, the number of multiple responses also correlated with an 

increased score on the internalizing scale, especially on the anxious/depressed syndrome scale. 

The number of missed responses in auditory and visual tasks was positively associated with the 

score on the attention syndrome scale; in visual tasks also with the scores on the total symptom 

scale. 

 

The associations were clearest in the youngest age group and many associations diminished or 

even disappeared in the older age groups. In both visual and auditory tasks, the strongest 

associations in the youngest age group were between the multiple response rate and the TRF total 

score and the attention subscore. Incorrect response rates in visual and auditory tasks were also 

associated with the TRF attention scale score in the youngest age group. No significant 

associations were found between performance in working memory tasks and the psychiatric 

symptoms reported by the parents (CBCL) or the child (CDI). 
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Fig. 5.6. Scatterplots between auditory and visual multiple response rate and teacher reported attention syndrome 
scale in the three age groups. Att = teacher reported attention scale score, Mult = multiple response rate, *** 
P<0.001. All other explanations as in Figs. 5.4. and 5.5. 
 

Study IV. Effect of auditory and visual stimulus on single cell activity during working 

memory task performance 

Behavioral data. There was a significant difference between the performance of the visual and 

auditory tasks: the mean percentage of correct responses was 98% in visual and 70% in auditory 

trials (P < 0.0001). The average performance in all match trials was 85% correct and in nonmatch 

trials 83%; the difference was not significant (P > 0.05). 

Responses to memory cues. A total of 360 neurons (222 neurons in one monkey and 138 in the 

other) were recorded during both visual and auditory task performance. Of the neurons 287 were 

from the left and 73 from the right hemisphere. The distribution of the neurons recorded in the 

DLPFC is illustrated in Fig. 4.4.1. The activity in 31% of recorded neurons was related to some 

phase (cue, delay, motor response or reward) of the task. Twenty five percent of neurons 

responded during more than one phase of the task. Task related neurons were classified into the 

following groups: Cue1 = neurons responding during the first cue; Cue1&2 = neurons responding 

during both the first and second cue; Cue2 = neurons responding during the second cue; Delay = 

neurons responding during the interval between the first and second cue; Motor = neurons 

responding during the interval between the second cue and the reward; Reward = neurons 

responding to the delivery of the reward. 

Cue related neurons. Fifty one percent of task related neurons responded during the cue. Twenty 

two percent of these neurons responded also during the delay period. The majority of Cue1&2 
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and Cue1 neurons were spatially selective responding selectively to the presentation of the 

stimulus either in the left or right location (78% of Cue1&2 neurons and 67% of Cue1 neurons) 

(Fig. 5.7). Most Cue1&2 neurons (86% of Cue1&2 neurons) had no match-nonmatch related 

changes in the firing rate during the presentation of cue 2. The majority (80%) of Cue2 neurons 

were spatially nonselective. Most Cue2 neurons (80%) were match-nonmatch dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.7 Spatially tuned neuronal responses during the cue period of the DMTS task. (A) and (B) demonstrate that 
the firing rate of a neuron decreased to the presentation of the right (R) and increased to the presentation of the left 
(L) visual cue. (C) A neuron showing spatially selective cue period activity during visual but not auditory trials. (D) 
A neuron showing spatial preference to the right cue location during auditory but not visual trials. Black rectangles 
mark the cue presentation. 
 

Delay related neurons. Twenty-two neurons (19 % of task related neurons) responded during the 

delay period of the trial when the monkey had to maintain the trace of the first cue (Fig. 5.8). 

Eight of the delay related neurons were spatially selective. Of these, five were visual (38 % of 

visual delay neurons, Fig. 5.8,A) and three auditory (75 % of auditory delay neurons, Fig. 5.8,B). 
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The mean DI for spatially nonselective visual and auditory delay neurons was 0.08 ± 0.01 and 

0.14 ± 0.05, respectively (Fig. 5.8,C). No further statistical analyses were performed due to the 

small number of these neurons. Most spatially selective cue related neurons (n = 38; 97 %) and 

all spatially selective delay related neurons were recorded from the left hemisphere. The 

proportion of spatially nonselective neurons was equal in the left and right hemispheres. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.8. Spike density functions demonstrating neuronal responses during the delay period in visual and auditory 
trials. (A) Modality specific spatially selective visual response, (B) modality specific spatially selective auditory 
response and (C) spatially nonselective bimodal response. (D) A neuron showing spatial preference to the right cue 
during both visual and auditory trials. 
 

 

Modality specific responses. Most neurons (86 %) that changed their firing rate in relation to the 

cue period were modality specific; responding either to the visual or auditory cues but not to both 

of them (Fig. 5.7,A,B). The majority of the modality specific neurons (67 %) responded to visual 

cues (Fig. 5.7,A). Nineteen percent of the cue related neurons changed their firing rate selectively 

only during auditory trials (Fig. 5.7,B). The mean onset latency from the cue onset of visual 

responses (126 ± 12 ms, mean ± s.e.m.) was significantly longer than the mean onset latency of 
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auditory responses (60 ± 15 ms) (t-test, p < 0.01). The mean DI for spatially selective visual (0.49 

± 0.04) and auditory (0.38 ± 0.05) cue responses did not differ significantly from each other (t-

test, p>0.05). The mean DI for the spatially nonselective neurons whose responses to the left and 

right cues did not differ significantly from each other (t-test, P>0.05) was 0.08 ± 0.02 for visual 

and 0.15 ± 0.01 for auditory neurons. Fifty nine percent of delay related neurons were activated 

selectively during visual and seventeen percent during auditory trials. The mean delay onset 

latency (calculated from the beginning of delay period) was 868 ± 141 ms (± s.e.m.) for visual 

and 911 ± 234 ms for auditory neurons. The mean DI for spatially selective visual delay neurons 

was 0.39 ± 0.04 (±s.e.m.), and for auditory delay neurons 0.38 ± 0.15. 

Bimodal responses. Fourteen percent of cue related neurons responded to the presentation of the 

cue in both auditory and visual trials, and were thus bimodal. Five of the audiovisual neurons that 

responded to the presentation of a visual and an auditory cue were spatially selective and tuned to 

the same location in both auditory and visual trials (5.8,D). Twenty one percent of delay related 

neurons were bimodal, i.e. displayed delay related activity in both auditory and visual trials (Fig. 

5.8,C). All bimodal neurons were spatially nonselective and changed their firing rate in the same 

way during the delay period after the presentation of the cue both in the left and right location. 

Other responses. The activity in thirty eight percent of task related neurons was triggered by the 

monkey’s motor response. Twenty two percent of neurons changed their firing rate in relation to 

the reward delivery after the completion of the correct response. These responses may have been 

related to obtaining the reward, to the sound produced by the reward delivery, or eye-movements; 

these neurons were not studied in more detail. 

 

 

Study V. Effect of Load and Task on the distribution of memory load related activation and 

deactivation 

Behavioral data. Analysis of the behavioral data showed no task-related differences either in the 

task performance or in the subjective evaluation of task difficulty. The RTs were affected by 

Load (F(1,7) = 11.80, P < 0.05) but not by Task: they were longer in the 2- back than 0-back 

tasks both in the location and color condition (P< 0.05). Also the accuracy level showed a main 

effect of Load (F(1,7) = 7.72, P < 0.05): the accuracy was lower in the 2-back than 0-back tasks 

(P < 0.05). The children reported that the 2-back tasks were more difficult than the 0-back tasks 
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both in the location and color condition (F(1,7)= 28.64, P < 0.01), but there was no significant 

difference between the subjective difficulty of the location and color tasks. Most children 

reported using verbal strategy both in the location and color 2-back tasks (n=5). The rest of the 

children used a visual strategy and two subjects reported not having used any strategy in the 

performance of the 2-back tasks. In the 0-back tasks, the children reported that they verbalized 

the stimuli, used a visual strategy, or reported that they had used no particular strategy. 
  

 L0 C0 L2 C2  

Accuracy (%)  99.84 (0.44) 99.06 (1.46) 97.22 (3.15) 98.90 (1.46) 

RTs (ms) 671 (97) 684 (80) 884 (222) 874 (209)  

Abbreviations: location (L), color (C), 0-back (0) and 2-back (2). N = 8. 

 
Table 3. The mean accuracy levels and RTs (SD) in the location and color 0- and 2-back tasks. 
 

Functional MRI results: Memory Load and Task effects. The ANOVA of the fMRI data 

yielded several regions with a significant main effect of Load but no main effect of Task or Task 

x Load Interaction. The Load effect was studied by performing the contrasts L2 vs. L0, C2 vs. 

C0, L0 vs. L2 and C0 vs. C2 for the group (n = 8) data. The brain areas that were significantly 

activated are reported in Table 4. 

Activation data: The contrasts L2 vs. L0 and C2 vs. C0 showed activation in the frontal and 

posterior cortical areas (Fig. 5.9 A,B, Table 4). In the location condition, memory load related 

voxel clusters were found with local maxima in the superior frontal gyrus (SFG), superior frontal 

sulcus (SFS), supplementary motor area (SMA), precuneus (Precun), and superior parietal lobule 

(SPL). These voxel clusters covered areas in the medial part of the SFG (SFGmed), middle 

frontal gyrus (MFG), precentral gyrus (PreCG), cingulate gyrus (CingG), inferior parietal lobule 

(IPL) including the intraparietal sulcus (IPS), supramarginal gyrus (SMG), angular gyrus (AG), 

and superior and middle occipital gyruses (GOs, GOm, respectively). In the color condition, 

memory load related voxel clusters were found with local maxima in the inferior frontal gyrus 

(IFG), SPL, Precun, and GOm. These voxel clusters included areas in the SFG/SFS, SFGmed, 

SMA, MFG, PreCG, CingG, SMG, IPL/IPS, AG, cuneus (Cun), and GOs. 
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 L2 > L0 C2 > C0  L0 > C0 
Area Z x y z Z x y z  Z x y z  
Frontal 
Right 
SFG/SFS 2.72 16 4 54  - 4.70 26 -4 60 
SFGmed  - 2.73 4 20 44  - 
SMA 4.54 4 10 50 3.02 2 10 56 2.95 14 2 46 
MFG  -  - 4.33 30 4 48 
IFG  -  - 3.96 52 14 48 
PreCG  -  - 4.43 54 6 18 
CingG  - 3.03 4 18 44 2.84 14 16 42 
Left 
SFG/SFS 4.75 -18 0 56  4.68 -20 2 46 3.27 -22 -8 66 
SFGmed 3.41 -2 16 42  4.09 0 20 42  - 
SMA 4.66 -2 18 46  4.23 -2 10 44 2.81 -18 0 64 
MFG 4.57 -24 12 50  4.62 -46 54 44 3.44 -38 4 52 
IFG  - 4.81 -46 36 10  - 
PreCG 3.82 -28 -2 46  4.61 -38 2 36 3.94 -34 -4 44 
CingG 2.80 -4 14 42  3.95 -2 16 40  - 
 
Parietal 
Right 
PreCun 4.62 14 -64 50  4.40 2 -56 58 4.70 8 -56 58 
SPL 4.40 14 -64 52  4.56 26 -66 62 4.81 16 -56 64 
IPL 4.55 42 -48 48  4.06 56 -42 54 4.57 40 -42 50 
SMG 4.56 46 -40 42  4.47 44 -40 36 3.58 42 -38 44 
AG 4.58 34 -50 38  3.56 26 -62 46 4.54 38 -76 40 
Left 
PreCun 4.90 -8 -72 54  4.68 -8 -66 64 4.61 -14 -62 60 
SPL 5.29 -12 -72 52  4.86 -28 -74 52 4.76 -24 -62 60 
IPL  - 3.77 -36 -56 46 3.68 -36 -60 56 
AG  - 3.86 -26 -54 34  - 
 
Temporal 
Right 
MTG  -  - 4.59 44 -74 22 
 
Occipital 
Right 
Cun  - 4.13 24 -62 30 3.81 20 -68 34 
GOs 3.74 22 -70 44  4.44 26 -66 30 4.68 28 -70 34 
GOm 3.59 32 -64 32  4.66 34 -66 30 4.90 44 -80 14 
GOi  -  - 3.79 42 -84 -12 
Left 
FG  -  - 3.12 -32 -72 -10 
GOs 2.98 -20 -68 38  3.96 -20 -64 38 4.32 -20 -70 26 
GOm  - 3.78 -24 -68 38 3.74 -40 -86 6 
GOi  -  - 3.20 -38 -84 -2  
Table 4. Sites of significant memory load-related activation (L2 vs. L0, C2 vs. C0) and direct task comparison 
(L0 vs. C0). Abbreviations: SFG/SFS superior frontal gyrus and sulcus, med medial part, SMA supplementary 
motor area, MFG middle frontal gyrus, IFG inferior frontal gyrus, PreCG precentral gyrus, CingG cingulate gyrus, 
SPL superior parietal lobule, Precun precuneus, IPL inferior parietal lobule, SMG supramarginal gyrus, AG 
angular gyrus, MTG middle temporal gyrus, Cun cuneus, FG fusiform gyrus, GOs, GOm, GOi superior, middle 
and inferior occipital gyruses. - The brain area that was not activated in the comparison. 
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Fig. 5.9. The brain areas exhibiting significant activation (A-C) and deactivation (D-F) in 11-13-year-old school 
children during cognitive task performance. Group data (n = 8). (1) MFG/SFS/SFG, (2) SPL/IPS/IPL, (3) 
MFG/IFS/IFG, (4) IFG, (5) MTG/GOm, (6) Cun, (7) CingGpost, (8) CingGmid, (9) SFGmed/CingGant, (10) 
bilateral SFGmed/CingGant, (11) bilateral Heschl/STG/Insula, (12) bilateral CingGpost. 
 

Deactivation data: In children, several areas were more active in Rest compared to L0, C0, L2 or 

C2 (i.e. were deactivated by the n-back tasks, Fig. 5.9 D-E). The 0-back tasks deactivated midline 

cortical structures (anterior and posterior CingG and Precun) and areas in the frontal (SFG/SFS, 

MFG, IFG) and posterior (inferior occipital gyrus (GOi) and GOm) cortices. In addition to these 

areas (except for the anterior and posterior CingG), the 2-back tasks also deactivated areas in the 

SFGmed, middle CingG, and the middle temporal gyrus (MTG). Activity in the PostCG and 

Heschl's gyrus was also lower in the 2-back than Rest condition. Several of the areas listed above 

were deactivated memory load dependently; this was shown in the 0-back vs. 2-back contrasts 

(L0 vs. L2, C0 vs. C2, Fig. 5.9,F). 

 

Functional MRI results: Task effects. Although the ANOVA did not give a main effect of 

Task, we performed direct contrasts between the color and location tasks in children because we 
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assumed that there might be considerable interindividual differences in the patterns of activations 

among the young subjects which could make it difficult to obtain statistically significant 

differences between the factors at the group level. The group analyses showed activated voxel 

clusters in the contrast L0 vs. C0 with the local maxima located in the SFG/SFS, MFG, IFG, 

PreCG, SPL and GOm (Table 4, Fig. 5.9, C). These voxel clusters included areas in the IPL/IPS, 

SMG, AG, Precun, Cun, fusiform gyrus (FG), GOs and GOi. There was no significant activation 

when the location and color 2-back tasks (L2 vs. C2) were directly contrasted, nor in the contrasts 

C0 vs. L0 and C2 vs. L2. 

 

 

6. DISCUSSION 

The main aim of this Ph.D. study was to investigate whether spatial and nonspatial visual 

information processing is segregated in the child (6-13-years) and adult human brain. The 

investigation was carried out at the behavioral level and by imaging the brain activity during WM 

task performance. The study also focused on the organization and development of audiospatial 

and visuospatial information processing at the behavioral level in children and on the neuronal 

mechanisms underlying these processes as revealed by cellular recordings of responses of 

monkeys during WM task performance. 

 

6.1. Spatial and nonspatial visual information processing in WM 

6.1.1. Dissociation between spatial and nonspatial visual mnemonic information processing 

(Studies I and V) 

The main finding of the first study was that the distractors qualitatively similar to the 

memoranda selectively disrupted the WM task performance. This result is in accordance with 

previous behavioral studies on the effect of selective distraction in visual (Smith et al., 1995; 

Hecker and Mapperson, 1997) and auditory (Anourova et al., 1999) WM tasks. The dissociative 

effect of the distractors was significant at the higher memory load level (2-back) while the 

performance of the 1-back tasks was not significantly disrupted by either type of distraction. This 

finding suggests that the performance imparing effect of selective distractors is load-dependent. 

In the 1-back tasks, visual perception of the memoranda and mnemonic visual information 

processing remained unaffected implying that at the lower memory load level the WM system 
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has enough capacity to deal with the distractors. The disruption of the performance of the 2-back 

tasks with high attentional and mnemonic demands by selective distraction implicates that the 

vulnerability of memory task performance to distractors is related to the number of items (i.e. 

memory load) required to be kept in mind. Furthermore, the 2-back task has inherent, task 

relevant distractors because each new stimulus to be memorized also functions as a distractor in 

relation to the earlier stimuli to be memorized. Thus the distractive nature of the memoranda and 

the greater memory load in the 2-back tasks resulted in the induction of more incorrect responses 

and a greater vulnerability to task-irrelevant distractors as compared with the 1-back task. 

The finding that neither color nor spatial distractors disrupted the performance of the color 

2-back task in the first experiment was reasoned to be due to the subjects having used a verbal 

strategy in the color task, which is in line with recent observations that nonspatial features of 

objects are automatically recoded into verbal form (Postle et al., 2005; Postle, 2006b). The result 

of the second experiment showed that when the color task was performed with articulatory 

suppression that made it difficult to verbalize the material to be memorized, a clear dissociation 

was obtained between the effects of the color and spatial distractors. 

The results of Study I suggest that spatial and nonspatial visual information processing is 

segregated in brain areas involved in WM processing and that this dissociation is memory load 

dependent. 

In Study V we tested whether the segregation of visual attention and WM to spatial and 

nonspatial domains could be visualized in the distribution of brain activation in 11-13-year-old 

children. Functional MRI was used during the performance of location and color 0- and 2-back 

tasks. The 2-back task requires on-line monitoring, updating, and manipulation of retained 

information placing great demands on the key processes within WM whereas the 0-back is an 

attentional task that requires detection of a predetermined stimulus but, contrary to the 2-back 

task, does not demand manipulation or memorizing of the stimuli presented earlier (Owen et al., 

2005). In designing the experiment, we specifically attempted to get similar difficulty levels for 

the location and color attention and WM tasks to enable direct comparison of data from spatial 

and nonspatial tasks. 

In Study V, there were no significant differences in memory load related brain activation 

between location and color task performance. This finding implies that mnemonic visual 

information processing in the brain of a child is organized by cognitive processes relevant to task 
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performance and not by the type of information being processed. A similar result, suggesting 

WM organization by cognitive process, has earlier been obtained in adults (Owen et al., 1998; 

D’Esposito et al., 1999, 2000; Owen, 2000). However, it is also possible that mnemonic location 

and color information are processed by partially separate neuronal networks as suggested by the 

results of some neuroimaging studies in adults (Mottaghy et al., 2002; Sala et al., 2003; Ventre-

Dominey et al., 2005; Mohr et al., 2006). That no segregation was observed in children may 

reside in the multiprocess nature of the n-back task which might hamper the detection of subtle 

differences between spatial and nonspatial tasks. Furthermore, the recruitment of brain networks 

for the maintenance of stimuli in WM has been shown to be affected by the type of stimuli to be 

memorized. In the study of Sala and colleagues (2003), the stimuli that contained both spatial and 

nonspatial information activated areas implicated in the maintenance of object identity 

information but the activation also overlapped the brain areas indicated in the maintenance of 

location information. Accordingly, it is possible that the children retained both location and color 

information while performing either the location or color tasks because the stimuli were the same 

in either type of task. In Study I, color task performance was selectively disrupted only after 

subvocal rehearsal of the memoranda was prevented by articulatory suppression. In the fMRI 

environment of Study V, it was not possible to prevent verbal encoding of the visual stimuli 

without severely affecting the quality of the data. 

It has been suggested that in adults the maintenance of spatial and nonspatial information is 

subserved by lateralized systems: spatial WM by the right and nonspatial WM by the left 

frontoparietal network (e.g. Smith and Jonides, 1999). Several neuroimaging studies provide 

evidence that spatial and nonspatial mnemonic information processing activate the right and left 

hemispheres respectively (Smith et al., 1995; Baker et al., 1996; McCarthy et al., 1996; Belger et 

al., 1998; D’Esposito et al., 1998; Walter et al., 2003). In line with adult studies, WM processing 

of nonspatial information in the children (Study V) seems to induce more activation in the left 

than right frontoparietal network but, contrary to adult studies, mnemonic processing of spatial 

information seems to recruit more areas in the left than right hemisphere. 

One of the findings in Study V was that the location and color information in the 0-back 

tasks were processed in partially segregated neuronal networks. Cortical areas in the SFG/SFS, 

MFG; PreCG, SPL, Precun, IPL and in regions of the occipital cortex, many of which are part of 

the dorsal visual pathway (Mishkin et al., 1983; Van Essen and Maunsell, 1983; Goodale and 
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Milner, 1992), were activated more during location than color tasks. The results of earlier studies 

in adults suggest that the domain specific visual WM is mediated by posterior cortical regions 

involved in domain specific sensory processing (Postle and D’Esposito, 1999; Postle et al., 2000; 

Hautzel et al., 2002). Accordingly, the processing of spatial locations activated the dorsal regions 

of the posterior cortex during the 0-back task performance. However, the 0-back is an attentional 

task that requires detection of a predetermined stimulus but, contrary to the 2-back task, does not 

demand manipulation or memorizing of the stimuli presented earlier. Previous studies have 

shown that attention to spatial or nonspatial stimulus features activates largely overlapping 

regions of the cortex (Coull and Frith, 1998; Wojciulik and Kanwisher, 1999; Vanderberghe et 

al., 2001; Shulman et al., 2002; Giesbrecht et al., 2003). However, Giesbrecht and colleagues 

(2003) showed that selective attention to location but not to color recruits dorsal areas of the 

frontoparietal network. Furthermore, attention to location has been shown to activate the right 

inferior parietal lobule more than attention to color, regardless of stimulus location 

(Vanderberghe et al., 2001). Similarly, Coull and Frith (1998) observed specific recruitment of 

right-hemispheric superior parietal areas in attentional processing of spatial locations. Consistent 

with these findings in adults, the results of Study V showed that in children a task requiring 

visuospatial perception and attention activates the dorsal visual pathway more than a task 

requiring attention to the color of the stimuli. Study V confirms and extends the results of 

previous studies in adults concerning right-hemispheric lateralization of spatial attentional 

mechanisms (Weintraub and Mesulam, 1987; Coull and Frith, 1998; Vanderberghe et al., 2001) 

by demonstrating that attention to location in 0-back tasks activates areas in the right 

frontoparietal network also in children. Furthermore, as in adults (Corbetta and Shulman, 2002; 

Kincade et al., 2005; Moore, 2006), the activation of the frontoparietal attentional network in 

children most probably reflects top-down control of attention while activation of the extrastriate 

visual areas is related to bottom-up processes driven by sensory stimulation during the task 

performance. 

In conclusion, the results suggest that memory load related processing of color and location 

engages common cortical networks, whereas selective attention to either type of stimuli recruits 

partially segregated areas in the frontoparietal and occipital cortices. 
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6.1.2. Development of spatial and nonspatial visual WM (Study V) 

In Study V, a specific effort was made to control for heterogeneity that is inherent to 

development but problematic for reliable averaging of pediatric data. Study II showed that age 

has a significant effect on WM performance, and that the immaturity of boys compared with girls 

may bias the results. Therefore, to minimize the effect of age and gender on the WM 

performance, and to keep age- (Berl et al., 2006) and gender-related (Speck et al., 2000; 

Schweinsburg et al., 2005; Bell et al., 2006) differences in brain activation patterns as small as 

possible the subject group consisted of girls within a narrow age range. An attempt was made to 

include adults as a control group for children. Despite efforts to adjust the performance of the two 

age groups to a comparable level to allow direct comparisons between age groups, the 

performance was not equated to an acceptable level. Furthermore, in the adult group, there was a 

difficulty difference in the performance of the location and color tasks during scanning 

preventing direct comparisons of the brain activation elicited by the two memory tasks. Thus 

Study V investigated the development of both spatial and nonspatial visual WM in children by 

using fMRI. 

Activated areas were observed in the PFC, PPC and occipital cortex, corroborating earlier 

findings on visual WM related activation in adults (Cohen et al., 1997; Carlson et al., 1998). Both 

spatial and nonspatial tasks recruited similar areas of the frontoparietal network involving regions 

in the SFG/SFS, DLPFC and PPC. Recruitment of the PFC and PPC areas, especially areas of the 

SPL (Wager and Smith, 2003; Collette et al., 2006), have been associated with high-level, so-

called executive processes including manipulation of retained information (Owen, 2000; Collette 

et al., 2006; Mottaghy, 2006). Since the children of study V recruited both the PFC and posterior 

cortical areas in a similar manner in the performance of spatial and nonspatial 2-back tasks, they 

may have employed comparable executive processes in the performance of spatial and nonspatial 

tasks. Similar activation of the DLPFC which has been related to “strategic control of WM 

processing” (Owen et al., 2005) and strategy switching (Rypma, 2006) suggests that the children 

may also have employed comparable cognitive strategies in the performance of both tasks. 

Most of the earlier fMRI studies in children have investigated the development of 

visuospatial WM (Thomas et al., 1999; Nelson et al., 2000; Klingberg et al., 2002; Kwon et al., 

2002; Olesen et al., 2007; Scherf et al., 2006), and in only a few studies the development of 
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nonspatial WM has been investigated (Casey et al., 1995; Ciesielski et al., 2006; Crone et al., 

2006), but in contrast to Study V, none of these earlier studies have compared spatial and 

nonspatial WM processing. Crone et al. (2006) who studied nonspatial maintenance and 

manipulation processes in children, adolescents and adults, observed similar recruitment of the 

VLPFC during maintenance of information in all age groups, but children failed to recruit right 

DLPFC and bilateral PPC during manipulation of mnemonic information. Children of Study V 

employed these cortical areas in the performance of 2-back tasks that involve both maintenance 

and manipulation of information in WM. The discrepancy between our and the findings of Crone 

et al. (2006) may be explained by differences in experimental designs, maturational stages of the 

children (Berl et al., 2006) and cognitive processing requirements of the WM tasks employed in 

the two studies. 

Results of the few existing developmental studies indicate that, as in Study V, the 

frontoparietal WM network is activated during nonspatial WM processing in children (Casey et 

al., 1995; Ciesielski et al., 2006; Crone et al., 2006). However, Ciesielski et al. (2006) showed 

that children recruit areas of the ventral visual pathway only weakly but rely more on the dorsal 

visual and sensori-motor pathways in the performance of nonspatial WM tasks, a finding that is 

similar to the observations of Scherf et al. (2006) that children performing visuospatial WM tasks 

recruit limited areas of the WM network compared to adolescents and adults. Contrary to the 

aforementioned studies, the children in the study by Crone et al. (2006) activated similar areas of 

the VLPFC as adolescents and adults during the maintenance of nonspatial information in WM. 

As in several earlier studies on nonspatial WM in adults (Mottaghy et al., 2002; Sala et al., 2003; 

Ventre-Dominey et al., 2005; Mohr et al., 2006), memory load-related activation of the IFG 

(VLPFC) was found during nonspatial but not spatial processing in the children of Study V. The 

left-sided IFG activity has been suggested to be due to subvocal rehearsal (Paulesu et al., 1993), 

articulatory processes required for phonological recoding (Henson et al., 2000), and to verbal task 

performance strategies (Kirchhoff and Buckner, 2006). These are plausible explanations also for 

the activity in Study V as most subjects reported using a verbal strategy in the performance of the 

color tasks. Activation of the IFG may also be related to other than verbal processes, e.g. 

cognitive control including response inhibition and interference suppression (Casey et al., 1997; 

Bunge et al., 2002; Aron et al., 2004) which are important processes in the successful 

performance of n-back tasks. 
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In conclusion, the results suggest that children recruit similar cortical networks during 

spatial and nonspatial WM performance which may reflect the employment of comparable 

cognitive processes and performance strategies in both tasks. 

 

6.1.3. Deactivation during cognitive task performance (Study V) 

The results of Study V showed that brain areas in the medial PFC and the lateral and medial 

posterior cortices in children were less active during n-back task performance than rest condition. 

This result reflects recent findings in adults that have demonstrated a “default mode” network of 

brain areas that is active in the absence of cognitive task performance, i.e. during a “resting 

state”, and that shows attenuation of activation when the brain becomes engaged in attention 

requiring cognitive task performance (Gusnard and Raichle, 2001; Raichle et al., 2001; 

McKiernan et al., 2003) (Fig. 6.1.3.1). Mason and colleagues (2007) report activation of the 

default network also during a task requiring minimal attentional effort and suggest that this 

activation may reflect mind-wandering and self-referential mental activity (Gusnard and Raichle, 

2001). The authors propose that mind-wandering constitutes a psychological baseline to which 

the brain returns when it is not occupied by cognitive task performance. This is a plausible 

explanation for the activation of the default network in children who most likely let their thoughts 

wander freely during the rest period of imaging. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.1.3.1 During passive fixation –“resting state” – several brain areas that constitute the default network are 
activated in the child brain. When the child is engaged in attention demanding memory task performance activation 
of the default network is attenuated and brain areas needed in the memory task performance are recruited (Adapted 
and modified from Silverthorn, 2007). 
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The deactivation of the default network which has been suggested to reflect reallocation of 

resources to areas needed for task performance, increases with task difficulty (McKiernan et al., 

2003). In line with this suggestion, the results of Study V showed memory load dependent 

deactivation: deactivation was larger during the higher than lower memory load. The 

demonstration of deactivation of the “default mode” network during cognitive performance in 

children may have important clinical implications when assessing abnormal brain functions in 

children. A recent study in adults demonstrated that subjects with autism did not show 

deactivation of the medial cortical network during a counting task contrasted with the rest 

condition, which was suggested to reflect abnormal internally directed mental processes at rest 

(Kennedy et al., 2006). 

In Study V, attenuation of activity was also detected in the PostCG and Heschl's gyrus 

during the performance of visual WM tasks compared to rest. This result reflects findings of 

earlier studies showing that selective attention to one sensory modality reduces activity in cortical 

areas processing information from other sensory modalities (Haxby et al., 1994; Laurienti et al., 

2002). 

In conclusion, the results of Study V provide evidence indicating that the deactivation 

mechanisms that are recruited in attention demanding cognitive tasks in adults are operational in 

healthy school-aged children. 

 

6.2. Audiospatial and visuospatial information processing in WM 

6.2.1. Development of audiospatial and visuospatial WM (Study II) 

The main finding of study II was that auditory and visual WM performance in school-aged 

children improves with age. This finding is in line with the findings of several earlier (Hale et al. 

1997; Luciana and Nelson 1998; Gathercole, 1999; Kemps et al. 2000) and recent (Brocki and 

Bohlin, 2004; Luna et al., 2004; Huizinga et al., 2006) studies on the development of WM. 

Furthermore, the previous reports of n-back task performance in children and adults (Casey et al. 

1995, Thomas et al. 1999; Nelson et al. 2000; Kwon et al., 2002) indicate that adults are superior 

to children in their performance. Similarly, even the oldest of the 6- to 13-year-old children in 

Study II did not quite reach the level of accuracy and speed reported for adults in Study I for 

visuospatial WM processing nor did they perform audiospatial tasks at a comparable level to 

adults (Anourova et al. 1999). This result is supported by later studies showing that WM 
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continues to develop into young adulthood, and a mature level of performance begins only after 

approximately 15-19 years of age (Luna et al., 2004; Luciana et al., 2005; Huizinga et al., 2006). 

The finding also supports the suggestion that the physiological and developmental changes in the 

brain networks subserving WM parallel the development of this cognitive ability (Casey et al. 

2000; Luna et al. 2001; Kwon et al., 2002; Klingberg, 2006). Age-related improvement in WM 

task performance has also been associated with the development of the ability to recode visually 

presented information into verbal form (Pickering, 2001). This ability is suggested to develop 

around 7-8 years of age (Kemps et al. 2000; Pickering, 2001), thus our children might have 

employed it in the performance of auditory and visual n-back tasks. However, only 25% of the 

children in all age groups reported having used some strategy in the performance of the memory 

tasks. This observation is in line with the results of Pickering (2001) who found evidence also for 

other than phonological recoding processes that contributed to the development of children’s 

visuospatial WM performance. 

That the 9-10-year-olds performed the 2-back auditory tasks more accurately but slower 

than the younger children indicates that they were more capable than 6-8-year-olds to manage 

tasks placing high demands on executive functions and memory capacity. This finding is in line 

with the study by Luciana and Nelson (1998) who suggested that 4-7-year-old children express 

both mnemonic and executive failures, whereas 8-year-old children employ executive functions 

even though they lack functional integrity. Alternatively, younger children may be behaviorally 

more impulsive than older children as proposed recently by Davidson et al. (2006). This 

suggestion is supported by the greater percentage of multiple responses in our 6-8-year-old 

children. All these findings may reflect immature cognitive control, a function that is suggested 

to develop gradually over childhood (Dempster 1992; Brocki and Bohlin, 2004; Davidson et al., 

2006). Several earlier studies have shown that children are more susceptible to interference and 

less able to withhold inappropriate responses than adults (Casey et al. 1997; Hale et al. 1997; 

Luna et al. 2001; Bunge et al. 2002). Memory, attention and inhibition are suggested to be parts 

of a single construct of a common underlying neural circuitry (Casey et al. 2000). In WM 

performance, these processes are not easily separable from each other, as both memory and 

attention are intertwined and seem also to involve inhibitory processes (Smith and Jonides 1999; 

Casey et al. 2000; Davidson et al., 2006). 
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Study II demonstrated that the development of the performance of WM tasks follows a 

different time course in girls and boys. Consistent with earlier observations on visuospatial WM 

in adults (Barnfield, 1999; Duff and Hampson, 2001; Loring-Meier and Halpern, 1999), boys had 

shorter RTs and were less accurate than girls. Boys also made more multiple responses than girls. 

These gender differences were most prominent in the group of 6-8-year-olds. Whereas all 

children in the youngest age group expressed immature cognitive control in their performance of 

the tasks, boys in this age group manifested significantly more impulsive behavior than girls. 

These results suggest that the maturation of executive systems including cognitive control takes 

longer in boys than girls. This is an important finding as impulsive behavior, attentional 

difficulties, and deficits in WM function are typical symptoms of Attention Deficit Hyperactivity 

Disorder (ADHD). The prevalence of ADHD is three- to ninefold in young boys as compared 

with girls (Jensen et al. 1997). It is possible that in some boys the ADHD-like symptoms reflect 

the slower maturation of the PFC in boys than girls, and not the disorder as such. 

Differences were found in Study II between auditory and visual WM task performance. The 

children performed the visual tasks faster and more accurately and regarded them as easier than 

the corresponding auditory tasks, suggesting that there was a difficulty difference between the 

tasks. In a study conducted in adults by Martinkauppi et al. (2000), in which three locations were 

used in both visual and auditory n-back tasks, the auditory task proved to be more difficult than 

the visual one. Because an increase in the number of possible targets has been shown to be 

related to an increase in the difficulty level (Sternberg 1966; Dobkins and Bosworth 2001), three 

auditory and eight visual locations were used in Study II. Nevertheless, the visual tasks were 

performed better. Lower location memory for sounds than pictures was recently (Lehnert and 

Zimmer, 2006) related to differences in perceptual processes of visual and auditory systems in 

adults. The difference in the performance level in children is unlikely to be related to an inability 

to localize the sound stimuli, because the ability of the subjects to detect all auditory locations 

was confirmed during a rehearsal session before the experiment and the center location was 

adjusted individually for each subject. The differences between auditory and visual task 

performance may also indicate that visual WM reaches functional maturity earlier than the 

corresponding auditory system. Our observation that children aged 11-13 years performed visual 

1-back and 2-back tasks almost at the level reported previously for adults in Study I but the 

corresponding auditory tasks clearly below the adult level (Anourova et al. 1999) is not 

 75  



 

necessarily due to the difficulty differences between the tasks. This preliminary finding may be 

an indication of a more protracted maturation of auditory than visual working memory. 

In conclusion, auditory and visual WM performance improves with age, suggesting 

functional maturation of underlying cognitive processes and brain areas. The gender differences 

found in the performance of working memory tasks suggest a larger degree of immaturity in boys 

than girls. The differences observed between the mastering of auditory and visual WM tasks may 

indicate that visual WM reaches functional maturity earlier than the corresponding auditory 

system. 

 

6.2.2. Performance of audiospatial and visuospatial WM tasks versus academic achievement and 

psychiatric symptoms in children (Study III) 

The main finding of Study III was that good spatial WM performance is associated with 

academic success at school. Children with poorer academic performance at school made more 

incorrect responses in the spatial memory tasks than children with higher academic achievement. 

Earlier studies have demonstrated association between learning disabilities and WM function 

(Henry, 2001; Hitch and McAuley, 1991; Passolunghi and Siegel, 2001; Swanson, 1993). Henry 

(2001) reported that children with mild and moderate learning difficulties were impaired in all 

measures of WM when compared with children with average abilities. Passolunghi and Siegel 

(2001) studied the relationship among short-term memory, WM, inhibitory control, and 

arithmetic word problem solution in children with poor or good arithmetic problem solving 

abilities. They found that the performance of poor problem solvers was impaired when they had 

to retain numerical information but not if the material to be retained was formed of words; this 

observation was suggested to be due to a general deficit in the poor problem solvers’ inhibitory 

processes. The results of Study III indicate that even in children with no diagnosed learning 

difficulties a well-functioning spatial WM is reflected as good performance in academic subjects 

at school. Thus deficits in WM function may be an underlying factor in mild learning problems 

and learning disabilities at school. WM performance and general intelligence are suggested to be 

related, but not identical (Conway et al., 2003). Study III did not include a general measure of 

intelligence, and thus its possible association with WM could not be established. 

Henry (2001) found that children with borderline learning disabilities obtained significantly 

lower scores for phonological memory span than the control group, whereas in the visuospatial 
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memory span measure these children were indistinguishable from their average-ability peers. 

Both in Henry’s investigation and Study III the ability to perform auditory tasks was associated 

more strongly with academic achievement than with the performance of visual tasks. It is 

possible that auditory tasks require a higher executive and attentional effort than the 

corresponding visual tasks. The observation that a stronger association between the performance 

of auditory than visual tasks and academic achievement was seen most strongly in the youngest 

age group of children may also be explained by the results of Study II that provided some 

evidence for a more protracted maturational course of audiospatial than visuospatial WM. On the 

other hand, Study II also showed that visual memory tasks were performed faster and more 

accurately than corresponding auditory tasks, suggesting that there was a difficulty difference 

between the tasks. It is possible that the stronger association of auditory than visual memory task 

performance with academic success reflects differences in the difficulty level of the tasks. It is 

also possible that the statistical significance was due to the larger variation in the incorrect 

response rates in auditory than visual tasks. 

The result of Study III that even the children in ordinary classes who had a lower WM 

capacity tended to have more attentional/behavioral difficulties at school is in line with the earlier 

studies reporting WM deficits in children with ADHD (Klorman et al., 1999). It is possible that 

in some cases deficits in WM capacity underly inattentive, impulsive, or hyperactive behavior at 

school. The TRF detects behavior that is typical of children with ADHD, such as difficulties in 

concentration, inability to sit still, impulsivity, etc. The Achenbach questionnaires are 

dimensional measures of behavior and emotions and give a range of symptoms also in normative 

samples, thus reflecting the variability of behavior in general population (Achenbach, 1991). The 

results of Study III support the earlier findings indicating association between spatial WM 

capacity and ADHD-type of behavioral symptoms (Cairney et al., 2001; Klorman et al., 1999). 

One important aspect of the executive function is response inhibition. It is needed in 

situations requiring withholding from responding, when a sudden interruption of an ongoing 

action or thought occurs, or for the suppression of information that one wishes to ignore. Cairney 

et al. (2001) found that children with ADHD made more errors in a spatial WM test than normal 

controls or medicated ADHD children. Furthermore, they found that ADHD children with or 

without medication were unable to inhibit eye movements voluntarily in an oculomotor 

paradigm. The authors suggest that deficits in the executive function and inhibitory control 
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appear independently in children with ADHD. Inhibition has been implicated as a potential locus 

of core deficit in ADHD (Quay, 1997; Schachar et al., 2000). Deficient inhibitory control impairs 

the ability of children to engage other executive control strategies to optimize their behavior. The 

direct and cascaded effects of deficient control of inhibition affect WM, self-regulation, internal 

speech, and the ability to reconstruct behavior (Schachar et al., 2000). In Study III, we did not use 

a specific paradigm to study inhibitory control that has mainly been studied using the stop-signal 

paradigm involving two concurrent tasks that require a rapid and accurate execution of a simple 

motor action and an occasional and unpredictable cessation of this action (Schachar et al., 2000). 

Instead, multiple responses of Study III which were the errors resulting from inability to inhibit 

motor behavior were counted as a marker of deficient inhibitory control, and missed responses as 

a marker of deficient control of attentional mechanisms. In line with the proposition of 

association between inhibitory control and ADHD-type symptoms (Slusarek et al., 2001), we 

found a strong association between multiple responses in the memory tasks and teacher reported 

attentional/behavioral problems. A positive association was also found between the teacher 

reported attention problems score and the number of missed responses in WM tasks. In WM, 

attention and memory are not easily separable and also involve inhibitory processes (Casey et al., 

2000; Smith and Jonides, 1999). In Study III, the incorrect response rate (WM performance level) 

and multiple (inhibition control) and missed responses (level of attention) were all associated 

with an increased ADHD-type behavior at school. 

In Study III, the performance in visuospatial memory tasks was associated with the teacher 

reported internalizing symptom score, which reflects emotional problems such as depression and 

anxiety. Significant positive associations were found between the anxious/depressed syndrome 

score and the number of incorrect, multiple and missed responses in visual WM tasks. Earlier 

studies have reported deficits in short-term memory and metamemory in children with depression 

(Kaslow et al., 1984; Lauer et al., 1994). Impaired ability to concentrate has been found to be one 

of the major problems in child and adult patients with depression (Sund et al., 2001). Study III 

demonstrated that even mild symptoms of depression/anxiety are associated with poorer WM 

performance and with concentration difficulties which, is in line with the results of these earlier 

studies. 

In conclusion, academically weak children should be evaluated for behavioral and 

emotional problems, and WM deficits. The results of Study III suggest that WM deficits may 
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underlie some learning difficulties and behavioral problems related to impulsivity, difficulties in 

concentration, and hyperactivity. On the other hand, it is possible that anxiety/depressive 

symptoms affect WM function and the ability to concentrate being thus the primary cause of poor 

academic achievement. 

 

6.2.3. Audiospatial and visuospatial information processing in WM: evidence obtained at the 

single cell level (Study IV) 

In Study IV, we tested the hypothesis that there are single neurons in the DLPFC 

responding spatially selectively to both auditory and visual stimuli during WM task performance. 

Neuronal activity was recorded in the DLPFC in monkeys trained to perform visual and auditory 

spatial DMTS tasks. 

Nineteen percent of task related neurons responded during the delay period. One third of 

these responses were spatially tuned either to the left or right cue location and responded either 

during visual or auditory trials but not during both of them. The finding of modality specific 

delay-related neurons is in line with an earlier study (Kikuchi-Yorioka and Sawaguchi, 2000), 

suggesting that during memory maintenance auditory and visual spatial information is processed 

separately at cellular level in the DLPFC. However, among the neurons recorded by Kikuchi-

Yorioka and Sawaguchi (2000) there was also a considerable number of delay-related neurons 

that were spatially tuned in both auditory and visual trials. This result was not discussed probably 

because these responses might have reflected neuronal processing related to motor preparation or 

memory, or both, as these processes are not, in contrast to DMTS task, easily separable in the DR 

task. Due to differences in the tasks employed, their results and the findings of Study IV 

concerning delay related responses are not directly comparable. 

The proportion of spatially selective delay-related neurons in Study IV is comparable with 

the findings of earlier electrophysiological studies in the DLPFC using a visual DR task with two 

cue locations (Niki, 1974; Batuev et al., 1985). In a study using a visual DR task with four 

locations, (Niki and Watanabe, 1976) the activity of approximately 11% of the task related 

neurons was related to the cue location during the delay. The corresponding number was 41% 

when eight spatial cue locations were used in an oculomotor DR task (Funahashi et al., 1989). 

Perhaps the most interesting finding of Study IV was that there was also a small number of 

spatially selective cue-related neurons in the DLPFC that were capable of extracting the location 
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information from both visual and auditory stimuli. Bimodal responses to auditory and visual 

stimulation have been earlier recorded in the PFC in monkeys in a passive no-task condition and 

during the performance of auditory and visual RT, localization and association tasks (Ito, 1982; 

Vaadia et al., 1986; Watanabe, 1992; Tanila et al., 1992). In these studies, the location of the cue 

was not used as a memorandum or the tasks did not exclude the possibility that the bimodal 

response was related to preparatory motor activity induced by hand- or eye-movements. In the 

DMTS task used in Study IV, the monkey, who had to fixate a central light spot until reward 

delivery, did not know about the type of forthcoming motor response (go or no-go) during the 

first cue and delay. Therefore, the spatially selective activity in Study IV is not explained by 

movement preparation or execution but can be considered to be related to encoding (cue period) 

and memory maintenance (delay period). However, neuronal activity during the second cue can 

also reflect such processes as comparison, decision making or preparation for a motor response: 

while the majority of Cue1 and Cue1&2 neurons were spatially selective and match-nonmatch 

independent, the majority of Cue2 neurons were not tuned to the spatial properties of the cue but 

responded selectively in relation to the connotation of the second cue, whether indicating match 

or nonmatch. 

In Study IV, there were clearly more neurons activated by the visual than auditory modality, 

suggesting that the recorded area is predominantly visual. The fact that the monkeys performed 

the visual task better than the auditory task may have contributed to the low number of spatially 

selective delay related auditory neurons. However, the spatially selective responses that were 

recorded during the auditory trials and during both auditory and visual trials demonstrate that the 

recorded area of the DLPFC is also involved in auditory spatial processing. In several earlier 

studies in which auditory responses were recorded in the DLPFC, the number of neurons 

responding to auditory stimulation has also been lower than the number of visually responsive 

neurons (Tanila et al. 1992, Carlson et al.1997, Kikuchi-Yorioka and Sawaguchi, 2000). 

Rainer et al. (1999), using DMTS and delayed paired associate tasks with nonspatial visual 

objects as stimuli, demonstrated that the delay related neural activity in the PFC can also underly 

the processing of the properties of an anticipated target or the properties of the sample. Study IV 

was not designed to separate these processes from each other. However, although there was an 

equal number of match and non-match trials and go and no-go responses were rewarded with the 

same amount of juice, it is possible that the monkey expected a certain stimulus in respect to its 
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connotation (e.g. match) and thus prepared a certain motor response (e.g. “go”). This preparation 

could be reflected in the activity of the spatially nonselective bimodal neurons, as all matches 

required the same motor response and all nonmatches no active response. 

Study IV also demonstrated that the recorded area contains bimodal spatially nonselective 

delay-related neurons whose activity during the delay period is not likely to carry specific 

information about the location of the cue and is, therefore, not related to memorizing a location. 

This type of activity may be more related to temporal memory (Batuev et al., 1985), reward 

expectancy (Watanabe 1996), intention to move the hand or eyes, or to the regulation of ongoing 

performance of a spatial task; e.g. it may reflect the processes in the PFC that help to maintain 

goal directed behavior and resist distraction caused by irrelevant events (Fuster, 1973; Kojima 

and Goldman-Rakic, 1984; de Fockert et al., 2001; Sakai et al., 2002). 

The finding of Study IV that there were auditory and bimodal spatial neurons among 

visually responsive spatial neurons within the recorded region in the DLPFC is in concert with 

neuroanatomical findings, and provides functional evidence for the involvement of this area in 

both visuospatial and audiospatial processing. It is possible, however, that some other subarea in 

the PFC, e.g. the dorsal periarcuate cortex, which also receives afferents from the auditory cortex 

(Romanski et al. 1999), is more specialized in audiospatial processing and recordings there would 

result in a greater number of neurons responding to spatial auditory stimulation. In a recent study, 

a relatively high proportion of auditory responses to complex sounds were recorded in a restricted 

area of the VLPFC of the monkey brain (Romanski and Goldman-Rakic, 2002). 

In conclusion, the results Study IV suggest that in addition to the modality specific parallel 

mechanism, WM of auditory and visual space also involves modality independent processing at 

cellular level in the DLPFC. 

 

 

 

 

 

 

 

 

 81  



 

7. CONCLUSIONS 

The main focus of this Ph.D. work was twofold: to evaluate whether spatial and nonspatial visual 

WM processing is segregated in the developing and mature human brain, and to investigate the 

organization and development of audiospatial and visuospatial information processing in WM. 

The results of Studies I-V allow the following conclusions to be drawn: 

1. Spatial and nonspatial visual WM processing is segregated in adults, and this segregation is 

memory load dependent (Study I). 

2. Memory load related processing of spatial and nonspatial visual information engages common 

cortical networks, whereas selective attention to either type of stimuli recruits partially segregated 

areas in the frontal, parietal and occipital cortices in children (Study V). 

3. Children recruit similar cortical networks in the processing of spatial and nonspatial 

information in WM which may reflect employment of comparable cognitive processes and 

performance strategies in both types of tasks (Study V). 

4. Deactivation mechanisms that are important in the performance of attention demanding 

cognitive tasks in adults are operational in healthy school-aged children (Study V). 

5. Audiospatial and visuospatial WM performance improves with age, reflecting functional 

maturation of underlying cognitive processes and brain areas. The gender differences found in the 

performance of working memory tasks suggest a larger degree of immaturity in boys than girls. 

The differences observed between the mastering of auditory and visual WM tasks may indicate 

that visual WM reaches functional maturity earlier than the corresponding auditory system (Study 

II). 

6. WM deficits may underlie some learning difficulties and behavioral problems related to 

impulsivity, difficulties in concentration, and hyperactivity. Alternatively, anxiety/depressive 

symptoms may affect WM function and the ability to concentrate, being thus the primary cause 

of poor academic achievement in children (Study III). 

7. In addition to the modality specific parallel mechanism, WM of auditory and visual space also 

involves modality independent processing at cellular level in the DLPFC (Study IV). 
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