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GENERALL INTRODUCTION 

Onee of Öte easiest replicable response time (RT) effects is that speed of responding 
increafpiduringg childhood, which reaches a peak in young adulthood, and gradually 
decre lpp inn later adulthood. This consistent pattern is observed for a variety of RT 
tasks,liiQingg from the easiest two-choice RT tasks to tasks that require complicated 
menta|il|ÉS,, such as mental rotation. This pattern implies that one global mechanism 
underB©ÉéJII age related changes, and that there are no subprocesses (cf. stages) 
inn infcfÉËËon processing that deviate from the generalized change in speed by 
d e v e l c f i ii faster or slower than others. Kail and Salthouse (1994) proposed a clock-
speecfiijJÉphor,, as a model of a global mechanism that changes with age, and that 
affectlll&jspeedd of all subprocesses to the same extent. As the clock speed varies 
withh afëiïfte duration of task performance becomes shorter or longer. However, the 
re lat i# Iptedd differences between age groups remain the same, because the same 
iüÖprBcisIëëë underlie the performance of all groups. 

1.11 Age-Related Changes In The Efficiency Of Cognitive Processes 

Thiss view on cognitive development and aging is contrasted by the specific loss hypothesis. 
Inn the past two decades, evidence has accumulated to suggest a selective, age-related change 
off  performance on neuropsychologicall  measures diagnostic of frontal lobe dysfunction (e.g., 
Rossellii  and Ardila, 1993; West, 1996; Zelazo et al„  1996). These findings have, in turn, 
givenn rise to a renewed interest in the origin of age-related changes in the efficiency of 
cognitivee processes. The global speed hypothesis and the specific loss hypothesis are the 
dominantt theoretical frameworks in the recent literature on cognitive development and 
aging.. The main prediction of the global speed hypothesis is that a global speed factor 
accountss for all age-related variance in the efficiency of processing in a wide array of 
cognitivee tasks. The specific loss hypothesis predicts multiple factors, related to brain 
developmentt and aging, to account for age-related variance in the efficiency of cognition. 
Bothh the global speed hypothesis and the specific loss hypothesis are described in more 
detaill  below. 
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Thee Global Speed Hypothesis  The global speed hypothesis does not focus on the neural 
underpinningss of cognitive development and aging. Age-related changes in information-
processingg speed at both ends of the life span are considered to be global and generalized, 
inn the sense that these changes are manifest to the same proportional extent in a wide array 
off  cognitive operations. It has been observed that performance in many different speeded 
andd non-speeded tasks is affected by age to the same proportional degree, irrespective of 
thee nature and extent of processing required for successful task performance (Cerella, 1990; 
Hale,, 1990; Kail and Salthouse, 1994; Myerson et al., 1990; Salthouse, 1996b; Salthouse 
ett al., 1998a); for a review see, e.g., Bashore and Smulders (1995). The global speed 
hypothesiss has been shown to hold in a variety of empirical and meta-analytical studies. 
Salthousee (2000) provides a review of recent ideas and procedures to partition age-related 
variancee between tasks. Salthouse emphasizes the large number of variables that appear to 
bee related to age, and suggests that these relations could be shared relations. Analyzing two 
majorr datasets, Salthouse concludes that 'relatively littl e of the effects on individual speed 
variabless are independent of the effects on other speed variables' (Salthouse, 2000, page 
48).. He goes on to stress the importance of a biological plausible model of the origins of 
age-relatedd speed changes. 

Thee Specific Loss Hypothesis  Within the specific loss framework, it is assumed that 
age-relatedd differences in the speed of information processing are related to age-related 
structurall  and functional changes in the brain. The specific loss hypothesis predicts that 
age-relatedd changes in tasks involving executive control, supported in large measure by the 
frontall  lobes, should be more pronounced than age differences in tasks with lesser executive 
controll  demands. Proponents of the specific loss (or neurocognitive change) hypothesis (e.g., 
Ardilaa and Rosselli, 1989; Dempster, 1992, 1993; Dempster and Brainerd, 1995; Diamond, 
1990;; Pennington, 1994; Stuss, 1992; Welsh etal., 1991; West, 1996; Whelihan and Lesher, 
1985)) have proposed that age related changes in cognitive function can be attributed to age-
relatedd changes in brain structure and function. 

1.22 Life-Span Development Of Executive Functions 

Executivee Functions  Executive functions are those functions that are responsible for 
thee organization and management of more specialized cognitive processes. These functions 
aree involved in error monitoring, interference control, task-set reconfiguration and context 
updatingg (e.g., Meyer and Kieras, 1997; Norman and Shallice, 1986; Shallice, 1994). 
Executivee functions, or cognitive control functions refer to the ability of the cognitive 
systemm to monitor the environment and modify behavior accordingly. Executive control 
functionss are defined operationally and should not necessarily be considered as basic mental 
functions,, supported by specific, dedicated neural circuits in the brain. Executive functions 
cann be conceived of as emergent features of a cognitive system, being established by inter-
actionss between existing subordinate processes in a way that generates 'executive' cognitive 
propertiess (Nieuwenhuis, 2001). For instance, interference control might be implemented 
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usingg mechanisms of selective attention, combined with the active maintenance of memory 
representationss (Braver et al., in press), and endogenous task-set reconfiguration might be 
ann emergent property of instruction-driven activation and automatic decay of task sets in 
workingg memory (Altmann and Gray, in press). 

Thee existence of control processes that are distinguishable from lower level cognitive 
processess is inferred from neurocognitive studies focusing on the pathological failures of 
controll  in frontal lobe injured patients. Patients suffering from lesions in the frontal part 
off  the brain often lack the ability to prevent inappropriate actions, particularly when the 
taskk requires the suppression of an overlearned, habitual response. In the Wisconsin Card 
Sortingg Test, once frontally impaired subjects have classified cards according to one stimulus 
dimensionn (e.g., color) for a while, they experience difficulty in shifting to another sorting 
principlee (e.g., classifying the same cards according to shape, see Milner, 1963). Other 
behaviorall  deficits that are typical of frontal lobe patients, besides the tendency to persevere, 
are:: Failure to voluntary initiate an appropriate action, distractibility, an impairment of the 
controll  of attention, and failure to engage in specific action, despite of repeated verbal 
andd nonverbal acknowledgement of the intention to act (see also Monsell, 1996). These 
behaviorall  deficits indicate that frontal lesions result in selective impairments in organization 
andd monitoring of an array of different cognitive skills, rather than impairments in a specific 
cognitivee domain (Duncan, 1986). 

Brainn Structures Mediating Executive Functions  Extending the literature on clini-
call  neuropsychology, neuroimaging experiments have localized several cortical areas that 
mediatee different executive control functions. Many investigators reported that a lesion 
inn frontal cortex severely impairs a patient's performance in tasks that require complex 
cognitivee processing and response inhibition (e.g., Duncan et al., 1995). Further, activation 
inn the prefrontal region has been observed in experiments that require attention switching 
betweenn two tasks, or response inhibition (e.g., d'Esposito et al., 1995). In an experiment 
designedd to study supervisory attention, Badgaiyan and Posner (1998) observed activation 
off  both prefrontal and cingulate cortex. Prefrontal activation appeared about 200 ms after 
stimuluss presentation, whereas the cingulate cortex was not active until 300 ms after stimulus 
presentation.. Since the tasks included in the experiment were known to involve executive 
control,, it appears that both prefrontal and cingulate cortices are essential components of 
thee system. Moreover, because the cingulate was active 100 ms after prefrontal cortex, 
itt is probably dependent on the input from other frontal areas. It has been observed that 
thee prefrontal cortex has regional specificity for different types of stimuli. Experiments 
suggestt that the tasks involving storage of spatial information activate prefrontal cells in 
thee dorsolateral part, whereas those involving object storage (e.g., face recognition) activate 
cellss located more ventrally in the prefrontal cortex of the monkey brain (Goldman-Rakic, 
1996).. Imaging studies have reported this regional specificity in human subjects (e.g., 
Owenn et al., 1996). These studies indicate that prefrontal activation is domain specific; the 
ventrolaterall  area mediates object-specific information, whereas dorsal areas support spatial 
informationn (Goldman-Rakic, 1996; Smith and Jonides, 1999; Ungerleider and Miskin, 
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1982).. There is, however, an alternative view that suggests that prefrontal areas are organized 
accordingg to processing specificity (Petrides, 1994). This view holds that ventrolateral 
prefrontall  regions are concerned with the organization of sequences of behavioral responses 
andd dorsolateral regions are recruited only when the task requires active manipulation and 
monitoringg of information. 

1.2.11 Neurocognitive Development And Aging 

Duringg the development of the brain, some areas mature faster than others. The prefrontal 
cortexx is one of the areas that matures the slowest. The myelinization in this area, which sup-
portss the speed of information transmission, continues until adolescence. Three important 
functionss are ascribed to the prefrontal cortex. First of all, the prefrontal cortex provides 
aa representation of the strategies and input to a task in working memory. But in order to 
keepp up the efficiency of the working memory, two other functions are required. Relevant 
informationn needs to be recruited as part of the preparatory set, and irrelevant information 
needss to be removed or suppressed in order to prevent interference. 

Thee idea that cognitive control affects the speed on a variety of tasks is consistent 
withh neuropsychological insights (e.g., Fuster, 1997; Roberts and Pennington, 1996; Welsh 
andd Pennington, 1988). Roberts and Pennington (1996) identify several tasks that are 
particularlyy relevant for the study of inhibition and prefrontal functioning. The Stroop task, 
thee Go/No-Go task, the WCST, the antisaccade task and the AB task are all suggested 
too imply inhibitory function and are all shown to be especially vulnerable to cognitive 
developmentt and aging. Bjorklund and Kipp-Harnishfeger (1990) reviewed research results 
fromm cognitive development and integrated them in a larger theory about the efficiency 
off  inhibition. They argued that the age-related changes in the efficiency of inhibition are 
responsiblee for findings concerning attentional deficiencies, because inhibition serves to 
keepp task-irrelevant information out of the working memory. Dempster (1992) showed 
thatt there is a large similarity between children and patients with frontal-lobe lesions in the 
patternn of performance deficits on interference-sensitive tasks. He combined information 
aboutt frontal-lobe functions with the view on resistance to interference, and argued that 
thiss synthesis is "a step toward a unitary theoretical explanation of diverse expressions of 
cognitivee development and aging'Xp. 65). Two neurobiologically oriented theories that 
focuss on specificity of age-related changes in cognitive abilities and appear to be successful 
inn accounting for the age trends, the frontal-lobe hypothesis and the dopamine hypothesis, 
deservee explicit consideration. 
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1.2.22 The Frontal Lobe Hypothesis 

Thee frontal lobe hypothesis entails that frontal (specifically prefrontal, and more specifically 
dorsolaterall  prefrontal) brain structures and the cognitive functions that rely on these parts 
off  the brain are most susceptible to effects of age on the speed of information processing on 
bothh ends of the life span. This frontal lobe hypothesis has given rise to a series of research 
efforts,, which have indicated that frontally-supported executive control functions are more 
sensitivee to age-related speed changes than functions supported by other parts of the brain. 
Forr instance, in the area of cognitive aging, the inhibition deficit hypothesis as proposed by 
Hasherr and Zacks (1988) suggest that age-related impairments result from a weakening of 
inhibitoryy processes in working memory. The major premise of this work is that age-related 
differencess in a variety of cognitive domains can be attributed to ontogenetic differences in 
thee efficiency of inhibitory processes that are supported by the frontal cortex (e.g., Dempster, 
1991;; Harnishfeger and Bjorklund, 1993; West, 1996). 

Onee of the assumptions of the frontal lobe hypothesis is that developmental differences 
inn the ability to resist interference depend on the efficiency of the frontal lobes of the 
brain.. Recent research suggests that the frontal lobes play an important role in the ability to 
effectivelyy inhibit or suppress interference from stimuli and associations that are not relevant 
too the task at hand (Fuster, 1997). In addition, the frontal lobes are also the last region of 
thee brain to develop and the first to show signs of deterioration in later life. The 'frontal 
lobee model' (Kramer et al., 1994; West, 1996) assumes that resistance to interference is 
aa fundamental feature of the cognitive system (i.e., a psychological primitive) that cannot 
bee explained in terms of other cognitive processes. West (1996) extended the frontal lobe 
hypothesiss beyond the earlier work on inhibitory control to include memory processes 
supportedd by the prefrontal cortex. West proposes a synthesized model that includes 
fourr separable components of prefrontal functioning: prospective memory, retrospective 
memory,, interference control and the inhibition of prepotent responses. 

Severall  caveats are in order, however. First, a more sophisticated and differentiated 
picturee of age-related change in frontal-lobe structure and function is beginning to emerge in 
thee literature (for a review see Band et al., in press; Greenwood, 2000). Neuronal loss differs 
betweenn regions within frontal cortex (with more modest change in, e.g., supplementary 
motorr area, premotor area, Broca's area, and primary motor cortex), between subregions 
withinn dorsolateral prefrontal cortex, and even between cortex layers within the same 
subregionss (e.g., Uylings and de Brabander, in press). Second, age-related neurobiological 
changess should be considered in relation to corresponding age-related cognitive decline. 
Somee cognitive control functions are more susceptible to the effects of aging than others 
(e.g.,, Ridderinkhof et al., in press); for instance, control functions thought to rely on 
orbitofrontall  cortex show no marked changes with age even though this brain area is 
subjectt to considerable neurobiological deterioration (Phillips and Delia Sala, 1998). Some 
neuroimagingg evidence indicates that age-related reductions in frontal-lobe activation are 
equallyy (or even less) frequent or severe than age-related reductions in activation elsewhere 
inn the brain (for review see Grady, 2000). These age-related increases in frontal activation 
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inn some (mostly working-memory) tasks have been attributed to increased recruitment of 
executivee control functions to compensate for an age-related loss of efficiency of other 
cognitivee functions (such as memory storage; see, e.g., Reuter-Lorenz et al., 2001). Third, 
ass argued by Rabbitt and colleagues (e.g., Rabbitt et al., 2001), a variety of methodological 
problemss may have contributed to questionable support for the frontal-lobe hypothesis. 
Constructt and discriminant validity of many of so-called frontal tasks is unclear (e.g., Rabbitt 
ett al., 1997) and frontal tests are often not strongly correlated (Burgess and Shallice, 1997), 
thuss casting some doubt on the general validity of the frontal-lobe hypothesis of cognitive 
developmentt and aging. 

Thee Dopamine Model Of Cognitive Aging  Neurobiological changes with age include 
changess in a variety of neurotransmitter systems, including cholinergic, serotonergic, and 
mostt prominently dopaminergic systems. Backman et al. (2000) reported that statistical 
controll  of age-related deterioration of striatal dopaminergic receptor binding eliminated the 
age-relatedd variation in performance of a number of cognitive tasks. This suggests that 
dopaminergicc transmission is an important neuromodulatory factor in age-related cognitive 
decline.. Age-related decreases in neurotransmitter concentration are evident in dopamine 
levelss in the prefrontal cortex (e.g., Goldman-Rakic and Brown, 1981; Kaasinen et al., 2000). 
Thus,, the age-related decline in cognitive control functions associated with prefrontal cortex 
mayy be mediated (at least in part) by reduced proficiency of dopaminergic projections to 
prefrontall  cortex (or to brain areas that are heavily interconnected with prefrontal cortex). 
Lii  and Lindenberger (1999) have reported results of computational simulations that relate 
age-relatedd deterioration of catecholinergic systems (among which dopamine) to several 
benchmarkk phenomena of aging, such as increases in mean response time and interindividual 
variabilityy of response times. The cognitive control processes of updating and active 
maintenancee of context information are driven largely by dopaminergic reinforcement-
learningg signals (e.g., Braver and Cohen, 2000). Braver et al. (in press) reported that 
performancee in older adults was impaired specifically in measures that capitalized on such 
contextt updating processes. Holroyd and Coles (2001) developed a neurobiologically based 
mathematicall  model of reinforcement learning. This model includes a parameter reflecting 
thee strength of the dopaminergic reinforcement learning signal, which is used to select and 
reinforcee adaptive behaviors. Nieuwenhuis et al. (2001) observed an age-related deficiency 
inn reinforcement-learning rate, and showed that this deficiency could be modelled only by 
manipulationn of the dopamine parameter. Given the role of dopamine and catecholamine in 
thee frontal cortex, this model could provide an important guide at the biological level for 
cognitivee development across the lifespan. 

Althoughh neurobiological change in some frontal areas, particularly dorsolateral pre-
frontall  cortex, clearly plays a crucial role in task performance of older adults, the frontal-
lobee hypothesis is at least in need of refinement, as all is not lost in the frontal cortex, 
andd all is not lost in cognitive control (Band et al., in press). The dopamine hypothesis may 
providee complementary insights, contributing specificity to our understanding of the relation 
betweenn age-related changes in cognitive control and underlying neurobiological factors. 
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Figuree 1.1: Relationship between age and various aspects of brain development (synapto gene sis in 
layerlayer IV visual cortex and in frontal cortex, and metabolic activity across the entire brain). 
FromFrom Bates et al. (1992). 

1.2.33 Brain Development 

Thee age-related changes in the efficiency of cognitive operations are expressed in terms 
off  inhibitory functioning. A strong version of this hypothesis would imply that the same 
brainn structures and cognitive processes are involved in the increased efficiency during 
development,, and the decreased efficiency during senescence. This 'strong frontal lobe hy-
pothesis'' therefore predicts structural and functional changes in the brain during senescence 
too mirror the changes during development. Studies of structural, chemical and physiological 
developmentt of the human brain show a protracted and variable maturational time course, 
includingg both progressive and regressive events. The development of the brain spans at 
leastt 10-15 years (Chugani and Phelps, 1986; Conel, 1939; Huttenlocher, 1990). After the 
developmentall  stage of brain maturation, effects of aging on the brain become apparent. 
Inn the following paragraphs, a synopsis is given of effects of development and aging on 
structurall  and functional properties of the human brain. For a more elaborate review on the 
growingg and aging brain the reader is referred to e.g., Dawson and Fischer (1994); Johnson 
(1997);; van der Molen and Ridderinkhof (1998b); West (1996). 

Brainn Mechanics  Knowledge of postnatal maturation of the human brain is confounded 
byy several issues (Stuss and Benson, 1986). These issues are related to the specific nature 
off  the sample, and to techniques used in the quantification of changes in the brain (Uylings 
andd de Brabander, in press). Nevertheless, some consistent findings also emerge from the 
literature.. It is generally believed that there is a hierarchical pattern of cortical development 
andd aging. In this view brain development completes gradually from primary motor and 
sensoryy areas to adjacent secondary areas to associative regions (including prefrontal). An 
examplee of this pattern is given in Figure 1.1 

Thee gross anatomy of the brain is intact at birth, with identifiable major cortical gyri. 
Thee laminar structure of even the prefrontal cortex is virtually complete, and connective 
apparatii  are largely present in the newborn infant. In contrast, tertiary sulcation appears 
too be sharpening throughout the full life-span. Studies reporting the degree of myelination 
indicatee that the prefrontal cortex is among the last to develop (Yakolev, 1962). The supra-

Synaptogenesiss in frontal cortex 

Metabolicc activity across the entire brain 
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limbicc zones, which comprise the frontal, parietal, and temporal associative areas, display 
sloww but progressive myelination during early and middle development. In contrast, the 
productionn of synapses seems to be equivalent in all areas of the cortex (Rakic et al., 1986), 
althoughh Bates et al. (1992) do show evidence for differentiation for synaptogenesis (see 
Figuree 1.1). Changes found in the aging brain are characterized by degeneration and a loss 
off  neurons and dendritic mass, neurotransmitter function (e.g., dopamine depletion), loss of 
myelinn (white matter), and changes in metabolic state and bloodflow (e.g., Kline and Scialfa, 
1996;; Scheibel, 1996). In general, the aging brain decreases in size and weight. Although 
thiss shrinkage is mainly due to loss of water, beyond the age of 75 other factors, including 
losss of grey matter are also involved. Possible causes for the decline in processing speed 
andd cognitive functioning are the loss of dendritic mass in posterior and frontal areas of the 
brainn (e.g., Bashore, 1993; Haug et al., 1983; Scheibel, 1982; Scheibel and Scheibel, 1975), 
reductionn of the cerebral blood flow to the anterior cortex (e.g., Gur et al., 1987; Shaw et al., 
1984)) and decline of neurotransmitter production such as dopamine (Arnsten et al., 1994) 

Electroencephalographyy  The hierarchical nature of development of cortical areas in 
thee brain is also suggested by the results from electroencephalography measurements (EEG) 
(Thatcher,, 1994). Electroencephalography entails the measurement of electrical activity of 
thee brain off sensors attached to the scalp. An elaborate analysis of developmental changes 
inn EEG has been performed by Thatcher (1994). Thatcher focused on coherence of activity 
betweenn sensors (scalp locations). He observed a marked difference of coherence between 
hemispheres.. Coherence in the EEG is an index of the functional coupling of sources of 
activityy in the brain. Developmental changes in the left hemisphere involved a progressive 
lengtheningg of intercortical connections between sensory areas and frontal regions. In the 
rightt hemisphere, developmental change mainly involves a contraction of long-distance 
frontall  connection to shorter sensory connections. These developmental changes appeared 
att the ages of 6-10 years, and coincide with transitions in behaviour as described by 
neo-Piagetiann theories on cognitive development. The literature on EEG changes during 
senescencee has been reviewed by Dustman et al. (1993). Dustman et al. found that EEG 
activityy was more coherent in older adults compared to young adults. These findings led 
Dustmann et al. to believe that a functional breakdown of the autonomy of specific cortical 
areass occurred in older adults. The aging brain seems to respond in a more homogeneous 
andd global fashion. They propose that this decreased heterogeneity is due to an age-related 
losss of inhibitory function. 
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Eventt  Related Potentials  Using averaging techniques EEG activity can be synchronized 
withh stimulus presentation or responses, resulting in Event Related Potentials (ERP). ERP's 
reflectt the brains electrical response to the event to which the EEG is synchronized. Several 
ERPP studies show evidence of hierarchical development and aging of the underlying brain 
structuress (For a review see e.g., McDowd and Shaw, 1999; Ridderinkhof and van der Stelt, 
2000). . 

Ann example of a study on age-related differences in cortical activity employing ERP's 
iss Fabiani et al. (1998). Using the relatively simple oddball paradigm, Fabiani et al. 
providess evidence for diminished frontal lobe function in normal aging. The presentation 
off  an unsuspected, deviant stimulus in a series of predictable stimuli (i.e., in the oddball 
paradigm),, elicits a complex ERP waveform characterized by a large positivity peaking over 
thee parietal cortex with a latency of approximately 300 ms (P3 component) in adult subjects. 
Thee P3 component of the ERP elicited by target events becomes more frontally oriented in 
elderlyy subjects. This finding may index less efficient frontal lobe function in the elderly. 
Onn the basis of individual differences in the distribution of the P3 component elicited by 
targett stimuli in an oddball paradigm the old subjects were divided into two groups. Those 
elderlyy subjects who showed frontal-maximal P3 scalp distributions had lower performance 
onn standardized neuropsychological tests of frontal lobe function than those elderly subjects 
whoo showed posterior-maximal scalp topographies. This study is an example of studies 
showingg differential age-related changes in the brain's cortical activity that can be linked to 
performance.. For an overview of paradigms used in ERP research on the aging brain see 
e.g.,, Kok (1997, 1999); Kok and Zeef (1991). 

Ann example of the use of ERP in the study of age-related differences in development 
cann be found in Johnstone et al. (1996), who found a decrease with age in the brains 
corticall  response (the N2 component, a negative peak with a latency of approximately 
200ms)) and behavioral indicators (decrease in reaction time and errors to irrelevant stimuli) 
off  discrimination processing of task irrelevant stimuli in subjects aged 8-18 years. The 
P22 component (a positive peak with a latency of approximately 200ms) of the ERP and 
behaviorall  indicators of response inhibition showed a similar systematic increase with age 
fromm childhood through adolescence. Courchesne (1990) showed that visual and auditory 
P3ss mature at different rates: The amplitude of the visual P3 increases sharply between three 
andd four years of age followed by a gradual decrease in amplitude, duration and latency 
throughoutt childhood reaching mature values not until young adulthood. The auditory P3 
followss a somewhat different trajectory. These data show that auditory P3 latencies drop 
byy 130 ms to their adult values around the age of 12. Johnson Jr (1989) reported a similar 
patternn of results. Visual P3 latency undergoes a gradual and modest change compared with 
thee larger and more abrupt change in auditory P3 latency. 
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PETT Studies  PET (positron emission tomography) is a brain imaging technique that uses 
aa radioactive tracer to show chemical activity of the brain. The PET scanner pinpoints 
thee destination of radioactively tagged glucose (or oxygen) to reveal the parts of the brain 
involvedd in performing an experimental task. During early development, the ontogeny 
off  glucose metabolic patterns is shown to proceed in phylogenetic order, with functional 
maturationn of older anatomical structures preceding that of newer areas (Chugani and 
Phelps,, 1986; Chugani et al., 1987). Increases in cerebral blood flow are reported as early 
ass three months of life for parietal, temporal, and primary visual cortices, basal ganglia 
andd cerebellar hemispheres. Glucose metabolic activity in the dorsolateral occipital cortex 
remainss relatively low during this period. This observation is consistent with anatomical 
studiess showing later maturation of these regions compared to calcarine cortex (Rabinowicz, 
1979).. Even during these early developmental stages, the frontal cortex is the last brain 
regionn to undergo a maturational rise in glucose metabolic activity. The lateral portion of 
thee frontal cortex starts to gain activity at about 6-8 months of age, and the dorsal parts 
followw after 8-12 months. This functional maturation is synchronized with the appearance 
off  higher cognitive abilities (Chugani, 1994). 

Thee most consistent finding in normal aging is a marked decrease in cortical metabolism, 
particularlyy in the frontal lobes (Loessner et al., 1995; Moeller et al., 1996). Usually, 
globall  cortical cerebral metabolic rate of glucose shows a significant decline with age 
(approximatelyy 6% per decade), with exception of most of the occipital cortex and part of the 
cerebellum.. The most significant effects are found in the association neocortex in perisylvian 
temporoparietall  and anterior temporal areas, the insula, the inferior and posterior-lateral 
frontall  regions, the anterior cingulate cortex, the head of caudate nucleus, and the anterior 
thalamus,, in a bilateral and essentially symmetrical fashion (Petit-Taboué et al., 1998). 

Magneticc Resonance Imaging  Magnetic resonance imaging (MRI) is an imaging tech-
niquee used primarily in medical settings to produce high quality images of the structure of 
thee brain. MRI is based on the principles of nuclear magnetic resonance, a spectroscopic 
techniquee used to obtain microscopic chemical and physical information about molecules. 
Usingg MRI, Raz et al. (1997) found the most substantial age-related decline in the volume 
off  the prefrontal gray matter. No significant age-related differences were observed in the 
parahippocampall  and anterior cingulate gyri, inferior parietal lobe, pericalcarine gray matter, 
thee precentral gray and white matter, postcentral white matter and inferior parietal white mat-
ter.. Consistent righthand asymmetry was found in the whole cerebral hemispheres, superior 
parietal,, fusiform and orbitofrontal cortices, postcentral and prefrontal white matter. The 
leftt side was physically larger than the right in the dorsolateral prefrontal, parahippocampal, 
inferiorr parietal and pericalcarine cortices, and in the parietal white matter. However, Raz 
ett al. reported no significant differences in age trends between hemispheres. 

Functionall  magnetic resonance imaging (fMRI) is used to visualize brain function, by 
visualizingg changes in chemical composition of brain areas or changes in the flow of fluids 
thatt occur over time spans of seconds to minutes. In the brain, blood perfusion is presumably 
relatedd to neural activity, so fMRI, like other imaging techniques such as positron emission 
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tomography,, can be used to find out what regions of the brain are activated when subjects 
performm specific tasks or are exposed to specific stimuli. However, fMRI has a better 
temporall  and spatial resolution than PET. Cabeza (2001) reviewed functional neuroimaging 
studiess of cognitive aging in the domains of visual perception, episodic memory encoding 
andd semantic memory retrieval, episodic memory retrieval, implicit memory, and working 
memory.. He reported that the most consistent finding of these studies was that brain activity 
tendss to be less lateralized in older adults than in younger adults. Casey et al. (2000) report 
onn a number of normative pediatric fMRI studies examining prefrontal cortical activity in 
childrenn during memory and attention tasks. These studies, while largely limited to the 
domainn of prefrontal functioning and its development, are shown to support the theory of 
hierarchicall  and continued development of attention and memory throughout childhood and 
adolescence.. Specifically, the magnitude of activity observed in the prefrontal cortex was 
greatergreater and more diffuse in children than in adults. 

Summaryy  In general, the results of neurobiological and physiological studies on the 
effectss of development and aging on the brain provide a coherent picture. The hierarchical 
vieww on development is supported by physiological studies on brain tissue, neurotransmitter 
function,, electroencephalic measurements, functional and structural MRI and PET studies. 
Frontall  areas of the brain are last to develop and are most vulnerable to effects of aging. 

1.2.44 Age-Related Changes In The Efficiency Of Executive Functions 

Paradigmss for investigating executive control, or frontal lobe functioning typically involve a 
set-shiftingg component. Using confirmatory factor analysis Miyake et al. (2000) established 
thee separability of the executive functions 'mental set shifting', 'inhibition of prepotent 
responses'' and 'information updating' in several frontal lobe tasks, including the Wisconsin 
Cardd Sorting Test (WCST), random number generation and the 'Tower of Hanoi'. Mental 
sett shifting was found to be the underlying factor for WCST performance. Omori et al. 
(1999)) observed activation patterns in the prefrontal cortex during a set shifting task that 
weree similar to those observed during the performance of the WCST. They concluded that 
thee dorsolateral prefrontal cortex including the middle and inferior frontal gyri are involved 
inn attentional set-shifting of both perceptual and non-perceptual characteristics. 

Performancee in the WCST and similar tasks has been observed to change with age 
(cf.. Heaton et al., 1993). In particular, the tendency to persevere in no-longer-correct 
sortingg rules decreases as children grow older (e.g., Chelune and Baer, 1986; Zelazo et al., 
1996),, and increases during the later stages of life. Older adults display more perseverative 
behaviorr in the WCST than young adults (e.g., Arbuckle and Gold, 1993; Dywan et al., 
1992;; Fristoe et al, 1997; Kramer et al., 1994; Loranger and Misiak, 1960; Raz, 2000; 
Salthousee et al., 1996). The age-related changes in performance observed in these tasks 
resemblee the corresponding deficits seen in frontally impaired patients (for reviews see Raz, 
2000;; van der Molen and Ridderinkhof, 1998b). Nagahama et al. (1997) used the WCST 
inn a PET study and observed that, compared to a task that featured the same stimuli but 
thatt did not involve rule-induction and set-shifting abilities, WCST performance yielded 
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thee most significant activation in dorsolateral prefrontal cortex. In older adults activation 
inn the prefrontal areas was reduced, suggesting a relation between reduced rule-induction 
andd set-shifting capabilities and reduced prefrontal activation in aging. A further PET study 
indicatedd that the dorsolateral prefrontal activation occurred during set shifting even when 
rule-inductionn requirements were lifted (Nagahama et al., 1998). 

Keyss and White (2000) examined the relationship between age, executive abilities, and 
basicc motor speed in an aging population. Using tasks that measured two aspects of exec-
utivee ability (set formation and set shifting), they found that poorer executive performance 
wass associated with increasing age. Age accounted for a unique and significant proportion 
off  variance in executive performance after controlling for psychomotor speed. These results 
suggestt that age has an effect on executive abilities that cannot be explained solely in terms 
off  general slowing. 

Task-Shiftingg  Age-related performance differences in task shifting have been studied 
extensivelyy in the aging population. Age-related differences in the speed of information 
processingg have been found in situations where on-line selection among competing sets 
iss required (e.g., Mayr et al., 1996). The general finding that the adverse effects of the 
requirementt to shift between tasks increase with age, combined with the evidence from 
neurocognitivee studies that aging affects specifically those brain areas that are involved 
inn cognitive control processes, has inspired a number of new studies of the effects of age 
onn shift costs (e.g., Duncan et al., 1996; Hartley et al., 1990; Kramer et al., 1999; Kray 
andd Lindenberger, 2000; Mayr and Kliegl, 2000; Salthouse et al., 1998a; van Asselen 
andd Ridderinkhof, 2000). All studies replicate the basic finding (Botwinick et al., 1958b; 
Brinley,, 1965) that shift costs increase with age. 

Givenn that the brain structures involved in adaptive control processes are especially 
sensitivee to the effects of aging, we may ask whether shift-cost patterns for different set-
shiftingg components differ between young and older adults. Only recently, results are 
startingg to appear on lifespan trends (Cepeda et al., 2001) in task-shifting performance. 
Cepedaa et al. studied changes in preparatory and interference processes which underlie 
switchingg between different tasks. Their study provides evidence of a differential time 
coursee for the development of active preparatory processes and inhibition, with preparatory 
processess becoming efficient during early development. 

Thee recent interest in inhibitory ability has inspired two major models of cognitive 
development.. Bjorklund and Kipp-Harnishfeger (1990) derived a model of inefficient 
inhibitionn based on the cognitive aging literature (Hasher and Zacks, 1988) that is basically 
ann extension of the mental capacity notion. Hasher and Zacks proposed a model of 
cognitionn that includes at least three main functions for an inhibitory mechanism: inhibition 
determiness which activated representations gain access to working memory, inhibition 
suppressess no longer relevant representation from working memory, and inhibition prevents 
prepotentt or recently rejected candidates for response from gaining control before weaker 
representationss are considered. Dempster (1992, 1993) proposed another framework in 
whichh the susceptibility to interference is a key factor. He adopted a neuropsychological 
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perspectivee based on the assumption that developmental change in the ability to resist 
distractionn is related to the maturation of the frontal lobes. Both models will be described in 
moree detail below (see also van der Molen, 2000). 

Inefficientt  Inhibitio n  Bjorklund and Kipp-Harnishfeger (1990) hypothesized that in-
hibitoryy processes become more efficient during development. This increased efficiency 
resultss in less irrelevant information entering working memory and, thus, increasing its 
functionall  capacity. They conceptualized processing efficiency in terms of activation speed 
andd inhibition in terms of a process that counteracts the spread of activation (see also Kipp-
Harnishfeger,, 1995). Following Case (1985), they proposed that developmental changes in 
cognitivee processing are linked to the maturation of the nervous system; most notably, the 
formationn of myelin. 

Harnishfegerr and Bjorklund (1993) pointed out that the results from a variety of exper-
imentall  paradigms are consistent with their notion of age-related differences in inhibition 
efficiency.. The evidence included findings from selective attention tasks (McDowd and 
Birren,, 1990; Sugar and McDowd, 1992; Tipper et al., 1989), memory tasks (Bjorklund and 
Kipp-Harnishfeger,, 1990; Craik and Salthouse, 1992), tasks requiring the ability to inhibit 
motorr responses, including the stop-signal task (Logan and Cowan, 1984) and the Piagetian 
ABB task (Diamond, 1985), and procedures for assessing verbal self-regulation (Luria, 1961). 

Susceptibilityy To Interference  Dempster (1992, 1993) presented a theoretical frame-
workk that is basically a synthesis of developmental research (suggesting that resistance to 
interferencee contributed to diverse expressions of cognitive development and aging) and 
neuropsychologicall  research (indicating that the frontal lobes were critically involved in 
interference-sensitivee tasks). He amassed considerable support for the idea that the suscep-
tibilit yy to interference is a critical factor in age-related differences in cognitive efficiency. 
Exampless include various attention tasks designed to examine the ability to focus, divide 
orr maintain attention (Davies et al., 1984). Age-related change in the susceptibility to 
interferencee is also demonstrated in studies using the Wisconsin card sorting test (WCST) 
(Chelunee and Baer, 1986; Fristoe et al., 1997) to examine the ability to shift response set. 

Dempsterr (1992, 1993) pointed to frontal lobe function in order to provide a unified ac-
countt of the wide range of interference phenomena reported in the developmental literature. 
Hee referred to the extensive evidence suggesting that the frontal lobes are heavily involved 
inn interference regulation (Fuster, 1997). Frontal lobe damage leads also to marked deficits 
onn interference-sensitive tasks that are similar to those of young children. Both from an 
ontogeneticc and a phylogenetic perspective, the frontal lobes are the last to mature, and the 
firstfirst to decline (see also Bjorklund and Kipp-Harnishfeger (1995). These considerations led 
Dempsterr (1993) to conclude that the frontal lobes are heavily involved in the selection, 
regulationn and verification of human behavior, including the ability to resist interference. 

Finally,, Dempster (1993) argued that inhibition is best conceptualized in terms of a 
familyy of processes. In his view, inhibition has a variety of operating characteristics that may 
varyy on temporal (e.g. proactive, coactive, and retroactive), formal (motoric, perceptual, 
andd linguistic), and spatial (internal and external) dimensions. Dempster speculated that 
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thesee varieties of inhibition have different developmental trajectories and so give rise to 
aa stage-like quality to the development of a childs sensitivity to interference. Initially, 
thee child is particularly sensitive to motoric forms of interference. This is followed by a 
periodd of increased sensitivity in perceptual forms of interference accompanied by a decline 
inn the sensitivity to motoric interference. Eventually, children show increased sensitivity 
too linguistic interference associated with reduced sensitivity to perceptual interference. 
Inhibitionn is singular in that it refers to a common underlying mechanism - the frontal 
lobes.. At a more detailed level, however, inhibition applies to a variety of mechanisms, 
eachh specialized to meet specific inhibitory demands (Dempster, 1993, p. 19). 

1.33 Methodological Issues 

1.3.11 Complexity Effects In Cognitive Aging And Development 

Comparingg effects of experimental manipulations between groups of different ages causes 
somee specific difficulties. As age-related changes in the speed of responding are found on a 
widee array of tasks, a large amount of these effects are shared across domains. These speed 
changess are most evident as processing complexity increases. This phenomenon, known as 
thee Age-Complexity effect, has been attributed to general changes in the speed of processing 
thatt affect all components of processing indiscriminately, both within and across tasks in a 
particularr processing domain. 

Regressionn Analysis  The complexity effect is usually demonstrated by means of a 
Brinleyy Plot. A Brinley plot is a scatterplot showing mean response times on a range of tasks 
forr older adults or young children, plotted against mean response times of a control group, 
usuallyy young adults. Across a wide range of conditions, response times of experimental and 
controll  groups appear to be linearly related. The function relating the two groups usually has 
aa slope around 1.5 and a negative intercept. These functions typically explain more than 90% 
off  the variance in the data. A slope exceeding 1.0 indicates that at each level of complexity of 
thee tasks, the experimental group (children or older adults) is slowed proportionally. Ratcliff 
ett al. (2000) showed that this reflects an age-related increase in variability of mean response 
times.. Furthermore, results from Brinley analysis indicate that mean response times in the 
experimentall  group can be accurately predicted from response times of the control group. It 
shouldd be noted, however, that in simulation studies accurate fits were obtained regardless 
off  whether the data were simulated to reflect global age related changes or to reflect process-
specificc age-related changes in response latency (Molenaar and van der Molen, 1994). 

Thee Age x Complexity interaction that appears in Brinley plots has important con-
sequencess for the interpretation of age-related changes in performance on tasks designed 
too infer executive control functions. In executive control tasks, it is usually expected that 
childrenn and older adults show larger response latencies than young adults. However, 
thee Age x Complexity interaction will invariably lead to larger age-related slowing in the 
experimentall  group for more complex tasks compared to simple tasks. Thus, in paradigms 
usedd to measure executive control deficits the age-related effect is consistent with the 
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globall  slowing hypothesis (cf. Spieler, 2001). The notion of such a global mechanism has 
beenn criticized on many counts, ranging from methodological issues to demonstrations of 
differentiall  age changes (e.g., Cerella, 1991; Fisk and Fisher, 1994; Fisk et al., 1992; Fisk 
andd Rogers, 1991). 

Analysiss of Variance  The regression-analytic procedures, commonly used in the meta-
analyticc literature, may conceal task-dependent and process-specific age changes in pro-
cessingg speed that can be revealed using analysis of variance (ANOVA) techniques (for an 
examplee see van der Molen and Ridderinkhof, 1998a). To detect disproportional age-related 
effectss some researchers transform the data from the experimental group according to the 
parameterr values obtained in Brinley analysis. These parameters are taken to be estimates of 
globall  slowing effects. After transformation, any Age x Task Type interaction is considered 
evidencee for disproportional slowing on the tasks at hand. For review on the use of regression 
analysiss in developmental and aging research the reader is referred to Ridderinkhof and van 
derr Stelt (2000) and Myerson et al. (1992). 

ANOVAA is usually used to test the null hypothesis of zero age effects on response 
latencyy and error incidence against the alternative hypothesis that response latencies and 
errorr rates of children and older adults exceed those of young adults. ANOVA and Brinley 
analysiss typically yield contradictory results (see, e.g., Bashore and Smulders, 1995), in the 
sensee that ANOVA often indicates significant age effects on some tasks and not on others, 
whereass Brinley analysis usually indicates that the age-related variance in each of these 
taskss is well-described by a single global speed function. The observation that Brinley 
analysiss has limited discriminatory value (Molenaar and van der Molen, 1994), and other 
objectionss to the Brinley analysis technique (e.g., Bashore and Smulders, 1995), have led 
severall  researchers to propose alternative methods. 

Thee Third Way  To provide a direct statistical test of the differential sensitivity of 
executivee and non-executive functions to the effects of age one can examine the age-
relatedd variance that is unique to executive-function performance (that is, not shared with 
performancee in the non-executive tasks), cf. Salthouse (1996a). The global speed hypothesis 
predictss that after partialing out the covariance with non-executive task performance, littl e 
variancee in executive-function performance remains to be explained uniquely by age (see 
Figuree 1.2). 

Accordingg to the specific loss hypothesis, in contrast, age should affect performance in 
thee executive-function tasks even when non-executive task performance were entered as a 
covariatee in an analysis of covariance (ANCOVA, for an example see Nieuwenhuis et al. 
(2000)).. A more general procedure to infer unique contribution to age-related variance is 
hierarchicall  regression. An example of this procedure is given by Williams et al. (1999), who 
usedd the stop-signal procedure to examine the development of inhibitory control. Reaction 
timess to the stop and go signals were used to assess performance in inhibition and response 
execution,, respectively. Hierarchical regression confirmed that the age-related change in 
inhibitoryy control could not be explained by general speeding or slowing of responses. 

AA less common method of analyzing response time data is by means of structural equa-
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Figuree 1.2: Schematic Representation Of Unique And Shared Age-Related Variance 

tionn modelling (SEM), which allows us to formulate and test the executive/non-executive 
modell  explicitly (for an example see Salthouse et al. 1998b). In SEM the mean reaction 
timess obtained in the various experimental tasks can be related to common latent factors, 
whichh are hypothesized to explain the covariance among the mean reaction times and the 
meann differences between the age groups. The use of structural equation modelling to 
investigatee covariance and mean structures is common in the psychometric literature (Bollen, 
1989;; Sörbom, 1974). For discussions of the application of SEM to response latencies see 
Donaldsonn (1983); Heuer (1985); Molenaar et al. (2001). 

Thee hierarchical pattern of development of the brain (Spencer, 1855) is well established, 
bothh at the early developmental stages, as in older adulthood (see Section 1.2.3). These 
developmentall  changes in the brain underlie the differences in behavior that are manifest 
inn childhood and old age. As mentioned, a central topic in the literature on lifespan 
developmentt is the age-related increase in cognitive efficiency during childhood, and the 
decreasee in cognitive efficiency during senescence. It is therefore not unreasonable to expect 
ann hierarchical pattern of development of behaviour, being a manifestation of the changes 
thatt are taking place in the brain. 

1.44 Research Questions 

Thee central question that is addressed in the four empirical chapters of this thesis is whether 
executivee control functions show differential age-related differences in processing efficiency. 
Ass mentioned before, executive functions are those functions that are responsible for the 
organizationn and management of more specialized cognitive processes. These functions 
aree involved in error monitoring, interference control, task-set reconfiguration and context 
updatingg (e.g., Meyer and Kieras, 1997; Norman and Shallice, 1986; Shallice, 1994). 
Executivee functions, or cognitive control functions, refer to the ability of the cognitive 
systemm to monitor the environment and modify behavior accordingly. One of the dominant 
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neurocognitivee tests of executive functioning is the WCST. Aspects of the WCST that are 
especiallyy relevant for the presence of age-related differences in adaptive behaviour are 
investigated.. To this end several tasks that share meaningful characteristics with the WCST 
aree devised. These relevant aspects are explored according to the theoretical framework 
proposedd by Stuss et al. (1995) in the later parts of this thesis. 

Thee global speed hypothesis and the specific loss hypothesis have been innovative 
inn addressing old research questions by providing new perspectives that offer a richer 
understandingg of the observed phenomena. The study presented in Chapter 2 evaluates 
thee validity of these frameworks in one empirical study. We assess the extent to which 
agee exerts an independent influence on the efficiency of executive control after the age-
relatedd covariance with global processing speed is partialled out, by means of a MANCOVA 
withh mean response times on each non-executive task entered as covariates. We will test 
thee regression model more directly by means of structural equation modelling (SEM). We 
wil ll  contrast regression models that incorporate only a general speed factor with a model 
thatt allows a separate, independent factor that loads only on tasks that require cognitive 
control.. The models are used to investigate observed mean differences between the groups 
ass a function of mean differences in the latent factors 'global speed' and 'executive control'. 

Then,, in Chapter 3, it is established if older adults' performance will or will not 
benefitt from the presentation of explicit cues that tell them to shift to another sorting 
rule.. Alternatively, if explicit cueing were to facilitate older adults performance such that 
theyy persevered less frequently in previously correct categorization rules, then it could be 
concludedd that age-related differences in adaptive control processes are accounted for by 
deficitss in performance monitoring rather than in rule-induction or set-shifting abilities. If 
agee were to affect set-shifting abilities, then older adults should show perseverative behavior 
evenn when specific cues are provided, since the presentation of specific cues does not alter 
thee need to engage basic set-shifting operations. 

Thiss set-shifting factor is measured in a more experimentally controlled setting in the 
laterr parts of this thesis. Stuss et al. (1995) proposed that the task-shift paradigm is more 
suitablee to the investigation of cognitive flexibility.  They suggested that the task switch-
ingg paradigm might provide an experimental analogue of the WCST demands involving 
switchingg ability, flexibility  and inhibition. In a group of subjects, ranging in age from 
youngg adolescence to senescence, the task-switching paradigm is used to investigate the 
cognitivee efficiency of shifting behaviour. Age is considered to be the mediating factor in 
thiss efficiency. Using a regression approach, the effect of age on the speed of switching will 
bee investigated. The results are compared to the effects of age on simple choice reaction 
timee tasks (the pure blocks). If age affects response times in similar fashion for simple 
andd complex tasks alike, regression functions describing the response latencies of the whole 
groupp will not discriminate between tasks. If set-shifting is a major factor in the age-related 
declinee in the efficiency of cognition, estimated parameter values in the shifting tasks are 
expectedd to divert from parameters obtained in the pure blocks. 

Usingg covariance analysis, the effect of development on cognitive flexibility  will also 
bee investigated using the task-switch paradigm. Several measures of set-switching costs can 
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bee calculated and are attributable to different cognitive processes. Switching costs refer to 
latencyy differences between pure and mixed blocks. Switching costs are a composite of 
shiftshift costs and mixing costs. Shift costs are expressed in the latency differences between 
repetitionss and alternations in the mixed blocks. Mixing costs are represented by latency 
differencess between pure blocks and repetitions in mixed blocks. To test the age-related 
effectss on switching speed against effects on basic perceptual and motor speed, the response 
timess on a simple reaction task are entered as a covariate into the analyses (see Figure 1.2). 
Iff  basic perceptual and motor speed is the major factor underling speed differences between 
age-groups,, no residual affects on mixed blocks are expected. In contrast, if the speed of set-
shiftingg is effected disproportionally by age, significant age x type interactions are expected 
too be found after partialing out the covariance with basic speed measures. 

1.4.11 Outline Of This Thesis 

Thee empirical chapters of this thesis (Chapters 2-5) are focused on the age-related changes 
off  the efficiency of cognitive processes. The efficiency of cognitive processes is inferred 
onlyy from response time measures and error proportions. The discriminative and predictive 
powerr of the global speed hypothesis and the specific loss hypothesis is explicitly test. 

Inn the 2nd chapter assumption that executive control comprises a fundamental factor 
underlyingg the effects of aging on the efficiency of cognitive processing, independent of 
agingg effects on global processing speed, is tested. This chapter is a direct test of the 
specificc loss hypothesis against the global speed hypothesis, on both ends of the lifespan. In 
Chapterr 3 of this thesis, The extent to which different endogenous adaptive control abilities 
aree differentially sensitive to the effects of aging is explored, by testing young and older 
adultss in two experiments using WCST-like tasks. This chapter enables us to identify the 
subprocessess in a well-established neurocognitive task that are the locus of the age-related 
differencess in the speed of processing. The main objective of the study that is reported 
onn in the 4th chapter is to establish the existence of differential patterns of aging effects 
inn the speed of processing during tasks requiring set shifting processes. These set-shifting 
processess were found to be sensitive to effects aging in the second chapter, in the context 
off  the WCST. The 5th chapter is concerned with changes in executive control processes 
involvedd in set shifting during cognitive development. In this chapter the same tasks are 
usedd as in the 4th chapter, but different analyses are performed. Using covariance analysis, 
thee amount of unshared variance with basic processing speed is assessed. 
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