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SUMMARYY AND CONCLUSIONS 

Thee primary objective of the research presented in this thesis is to further the under-
SÉÜKlingg of the lifespan trends in the efficiency of executive control. In the introduction 
Olllhiss thesis executive functions are defined as functions that are responsible for 

;;$©© qr|||EUii|aEin and management of more specialized cognitive processes. These 
fur^ionss arekfW3l«ed in error monitoring, interference control, task-set reconfiguration 

'andd context dpaElhg (e.g., Meyer and Kieras, 1997; Norman and Shallice, 1986; 
IShallice,, 1994). ©cecutive functions, or cognitive control functions, are relevant to 
;; the capacity of ttócstipnitive system to monitor the environment and modify behavior 
:: accordingly. The séuthig point of our interest in executive functions was the Wisconsin 

?? dard Sorting TeslllWCST). Aspects of the WCST are identified that are especially 
II relevant for the presence of age-related differences in adaptive behaviour. To this end 

S0md\S0md\ tasks that share meaningful characteristics with the WCST were employed. 

6.11 Summary 

Inn general, there is consensus that, in neuro-anatomical terms the process of aging is 
modular.. In Chapter 1 evidence is summarized for the hierarchical nature of brain de-
velopmentt and aging. Phillips and Delia Sala (1998) reviewed literature on cognitive 
agingg and suggested that only functions associated with dorsolateral prefrontal regions are 
impairedd with age, while orbitofrontal areas are not. This suggests that the hierarchical 
developmentt is characteristic of prefrontal areas of the brain too. Tucker et al. (1995) 
outliness some anatomical evidence for the 'dual evolutionary origins of the frontal cortex', 
takenn as evidence for differential trends in the development of both the dorsolateral and the 
orbitofrontall  areas of the prefrontal cortex. 

Thee global speed hypothesis and the specific loss hypothesis have provided new per-
spectivess on research concerning age-related differences in the speed of cognitive processes. 
Thee study presented in Chapter 2 addressed these hypotheses in a simple empirical study. 
Wee assessed the extent to which age exerts an independent influence on the efficiency of 
executivee control after the age-related covariance with global processing speed is partialled 
out.. This is achieved by means of a MANCOVA with mean response times on each non-
executivee task entered as covariates. This analysis revealed a mixed pattern of results. In 
children,, partialing out global speed was found to remove the differences with adolescents 
inn each of the executive function tasks. This suggests that global processing speed was the 
primaryy factor underlying developmental changes in the efficiency of information process-
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ing,, regardless of the involvement of executive control functions. In contrast, in the older 
adults,, substantial residual differences with young adults remained in each of the executive 
functionn tasks after controlling for global processing speed. Thus, executive control may be 
viewedd as a fundamental factor underlying the effects of aging on the efficiency of cognitive 
processing,, independent of aging effects on global processing speed. 

Thee discrepancy between the results at the opposite ends of the life span attests to the 
sensitivityy of the covariance analysis to both the global speed and executive control factors. 
Insensitivityy of the method to any of these factors would have resulted in patterns of results 
goingg in similar directions for development and aging, which is clearly contradicted by the 
presentt outcome. When assessing age-related changes in the speed of cognitive processes, 
thee present MANCOVA approach should be preferred over regression techniques like Brin-
leyy analysis. We tested the regression model more directly by means of structural equation 
modellingg (SEM). The model presented in Figure 2.2 provides an adequate description 
off  the response latency data from each age group. Adolescents and young adults differ 
neitherr in the basic perceptual and motor speed (SP) factor nor in the executive control 
(EF)) factor; by the age of 15, the efficiency of information processing has approached 
thatt of young adults, regardless of the type of task included in this study. Children differ 
fromm adolescents, but only in the SP factor; removing the EF factor from the model did 
nott result in a poorer model fit. As with the MANCOVA results, this outcome suggests 
thatt global processing speed was the primary factor underlying developmental changes in 
thee efficiency of information processing, regardless of the involvement of executive control 
functions.. Young and older adults differed not only in the SP factor but also in the EF 
factor;; removing the EF factor from the model resulted in a considerable deterioration of the 
modell  fit. This outcome suggests that both global processing speed and executive control 
aree important and independent factors contributing to the effects of aging on the efficiency 
off  cognitive processing. In development, only the SP factor seems to be contributing to the 
efficiencyy of cognitive processing. 

Cardd sorting tasks like the Wisconsin Card Sorting Test (WCST) are quite complex 
andd efficient performance in such tasks involves many different cognitive operations. One 
approachh to establish in greater detail why older adults and frontal patients experience 
difficultiess in endogenous adaptive control in these tasks, is to decompose the WCST into 
componentt processes. In Chapter 3 of this thesis this problem is addressed in two steps. 
First,, it was investigated whether older adults' performance benefited from the presentation 
off  explicit cues that tell them to shift to another sorting rule. If explicit cueing facilitates 
olderr adults performance such that they persevered less frequently in previously correct 
categorizationn rules, this would suggest that age-related differences in adaptive control 
processess are accounted for by deficits in performance monitoring rather than in rule-
inductionn or set-shifting abilities. Young and older adults were administered cued and 
non-cuedd versions of a dimensional shift task bearing resemblance to the WCST. From the 
consistentt finding that older adults were unable to capitalize on specific (compared to non-
specific)) shift cues it was inferred that, instead of performance monitoring or rule induction, 
thee basic set-shifting ability is the major factor responsible for the increased tendency to 
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perseveree with increasing age. 
Thiss set-shifting factor was measured in a more experimentally controlled setting in 

thee latter part of this thesis (Chapters 4 and 5). Stuss et al. (1995) proposed that the task-
shiftt paradigm is more suitable to the investigation of cognitive flexibility  than card sorting. 
Theyy suggested that the task switching paradigm may provide an experimental analogue 
off  the WCST demands, which include switching ability, flexibility  and inhibition. This 
paradigmm was utilized in Chapter 4 of this thesis. In a group of subjects, ranging in age 
fromm young adolescence to senescence, the task-switching paradigm is used to investigate 
thee cognitive efficiency of shifting behaviour. Age is considered to be the mediating factor in 
thiss efficiency. The main finding of this chapter is the dissociation of the type of function that 
bestt describes the age-related changes in response speed in pure blocks and in a task-shift 
setting.. Pure blocks are best described using a simple linear function, but both the repetitive 
trialss and the alternating trials in the task-shift setting are better described by an exponential 
function.. We thus demonstrated that age trends in the efficiency of adaptive control abilities 
becomee progressively more pronounced at the more extreme part of the adult life span. This 
findingfinding is by no means new (see e.g., Cerella and Hale, 1994), but here we were able to 
identifyy a dissociation between simple choice response time tasks and cognitive flexibility . 

Usingg covariance analysis, the effect of development on cognitive flexibilit y is also 
investigatedd using the task-switch paradigm in Chapter 5. Several measures of set-switching 
costss were calculated and attributed to different cognitive processes. Switching costs refer 
too latency 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 were entered as a covariate into the analyses. Age effects 
onn shift costs appear to be partly separable from age effects on perceptual and motor speed: 
thee interaction between age group and trial type remained significant. Shift costs appear 
too be influenced more by increasing age than are mixing costs. The age-modulated gains 
inn speed of switching is at least partially independent of basic perceptual and motor speed 
development.. These results are attributed to an inhibitory deficit in children in Chapter 
55 (e.g., Bjorklund and Kipp-Harnishfeger, 1990; Dempster, 1992, 1993; van der Molen, 
2000).. This finding is consistent with the recent developmental literature on developmental 
trendss in task-shifting (Cepeda et al., 2001). In the study of Cepeda et al., children did not 
benefitt from a longer Response-Cue Interval associated with inhibition of the previously 
performedd task. Children benefited as much as older adults from a prolonged Cue-Target 
interval,, associated with preparation processes. 



-112-- 6.. Summary and Conclusions 

6.22 Discussion 

Severall  similarities and discrepancies between developmental and aging speed trends were 
found.. In Chapter 2 of this thesis a direct test of the global speed versus the specific loss hy-
pothesiss was conducted. The results showed a marked difference between the developmental 
andd the aging data. Where the results of older adults showed a large influence of a latent 
'executivee processing' variable, in young subjects the response latencies could be described 
exhaustivelyy using only a latent 'global speed' variable. In this chapter a set of tasks that 
aree known to rely on executive-control processes were used. In Figure 2.6 the contribution 
off  general speed and executive function to the mean response latencies is shown. Older 
adultss showed disproportional slowing on all of the response selection, response inhibition, 
workingg memory and adaptive control tasks. Clearly, in the youngest children latency 
differencess are unrelated to task-type (simple versus executive). A similar discrepancy is 
foundd in Chapters 4 and 5, where task-shifting performance showed qualitatively different 
patternss of age-related speed differences for older adults (Chapter 4) and children (Chapter 
5).. In older adults, a marked difference in performance is found in a comparison of single 
taskk performance with mixed block performance. In children, however, the performance 
decreasee is observed when comparing switch trials in a switch block with repetitions in 
aa switch block. No significant developmental performance differences are found when 
comparingg repetitions in a switch block with single block performance. The age-related 
effectt in the older adults should therefore be attributed to different cognitive functions than 
inn children. In the next paragraphs the nature of these functions will be inferred. 

Lifespann trends in cognitive flexibilit y  One of the puzzling results of this thesis is 
thee discrepancy between the behavioral patterns of children and seniors. The frontal 
lobee hypothesis (e.g., Ardila and Rosselli, 1989; Dempster, 1992, 1993; Dempster and 
Brainerd,, 1995; Diamond, 1990; Pennington, 1994; Stuss, 1992; Welsh et al., 1991; West, 
1996;; Whelihan and Lesher, 1985) predicts process-specific speed differences that originate 
inn neurobiological differences between children, seniors and young adults. Tasks that 
aree susceptible to age-related differences are thought to draw on functions located in the 
prefrontall  cortex (PFC). This brain area is the last area to reach adult levels of maturation, 
andd is the first in old age to show detrimental structural changes. We will propose two 
hypothesiss to account for the differential findings of our studies. 

Differentiatio nn and dedifferentiation  A major issue in cognitive aging and develop-
mentt is the question of structure and development-associated changes in structure. The best-
knownn model involves a change in the structure of cognitive efficiency toward differentiation 
inn early lif e followed in late adulthood by the reverse process of dedifferentiation (e.g., 
Baltess et al., 1999; Li and Lindenberger, 1999). This hypothesis is based on the assumption 
thatt changes in cognitive efficiency reflect limitations imposed by a set of biological (e.g., 
Spearman,, 1927) and/or environmental constraints (e.g., Baltes et al., 1999). Li and 
Lindenbergerr (1999) propose the dopamine (DA) model as an explanatory model for the 
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differentiation/dedifferentiationn of cognitive abilities during aging and development. The 
importancee of DA in normal functioning of the brain's inhibitory system can be seen in 
patientss with Parkinson's Disease. Here, symptoms of tremor, akinesia (complete or partial 
losss of muscle movement), and rigidity emerge after the death of dopaminergic neurons in 
thee brain. Simply put, the deficit in DA results in excessive inhibition. While it may be 
simplisticc to suggest that disinhibition in children represents a type of 'reverse Parkinson's', 
somee evidence makes this possibility worth considering. Its concentration in cerebrospinal 
fluidfluid  (the fluid cushion protecting the brain and spinal cord) peaks at about the age of two 
andd declines fairly rapidly over the next dozen years. Inhibition of cortically mediated 
behaviourr is through projections via the striatum, to the the globus pallidus, which dampens 
thee inhibitory projection to the subthalamic nuclei. This results in an inhibition of the 
thalamus.. Primary neurotransmitters in this pathway are glutamate, y-aminobutyric acid 
(GABA),, and DA, which modulates this system (Casey et al., 2001, 2000). Optimal levels 
off  DA are a prerequisite for efficient functioning of this pathway. 

Whenn applied to lifespan development, the differentiation/dedifferentiation hypothesis 
predictss that the prominence of the general factor decreases during childhood as a function 
off  brain maturation and domain-specific knowledge acquisition, remains relatively stable 
throughoutt adolescence, adulthood, and early old age, but increases again late in life. 
Inn later life, system-general constraints such as biological brain aging regain importance 
(Baltess et al., 1999; Li and Lindenberger, 1999; Lindenberger et al., 1999). One possibility 
forr the high degree of homogeneity of cognitive functions in childhood and senescence is 
developmentall  change in the brain that affects all cognitive functions similarly. 

Thee response times of young children in our research show high levels of homogeneity 
betweenn tasks. The differentiation of functions into domain specific (or automated) functions 
iss apparent in adolescents and adults (see e.g., Figure 2.6). In older adults, no evidence 
forr dedifferentiation can be demonstrated. Possibly, system-general constraints such as 
biologicall  brain aging can cause differential, domain specific slowing during senescence. 
DAA turnover is largest in the PFC. In contrast to young children, older adults show low 
concentrationss of DA in the cerebrospinal fluid. It is not unlikely that the effect of this DA 
deficiencyy is move pronounced in tasks that rely on the PFC. The dedifferentiation would 
thenn be domain specific, showing more homogeneity within executive control functions and 
withinwithin general cognitive processes. 

Qualitativ ee differences in task performance  Age-related differences in processing 
speedd are often assumed to be quantitative in nature (e.g., Ridderinkhof and van der Stelt, 
2000).. That is, all the cognitive functions engaged by a given task are assumed to differ only 
inn their efficiency and speed of execution (the Invariant Structure assumption). If processing 
stagess differ between age groups, such that this task would be performed qualitatively 
differentt between groups, then one could easily misidentify the nature of such age-related 
changess in processing speed when focusing on quantitative changes rather than structural 
differences.. To identify qualitative differences in the performance of the tasks used in this 
thesis,, we will turn to the literature on electrophysiological differences between age groups 
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onn executive tasks. 
Thee ERN (Error-Related Negativity) is an ERP component that is associated with 

performancee monitoring. It is usually observed on trials that are characterized by response 
conflicts,, or even an overt, incorrect response. A central factor in the occurrence of the 
ERNN and performance monitoring is the DA system (e.g., Holroyd and Coles, in press; 
Nieuwenhuis,, 2001). In patients with PFC damage, the ERN is apparent not only on the 
incorrectt responses, but also on trials that are responded to correctly (Gehring and Knight, 
2000).. Given that ERN activity is an manifestation of performance monitoring in the EEG, 
thiss finding implies that in prefrontal patients, performance monitoring is activated even 
whenn the task does not require it. Generalizing this finding, we can speculate that for 
frontallyy impaired patients, executive control manifests itself on trials that do not require 
executivee control in normals. 

Youngg children may manifest the same phenomenon. The PFC of children is not fully 
matured,, and young children appear to show performance deficits similar to frontal lesions 
onn some clinical tests. Children could be utilizing executive control functions on tasks that 
doo not require executive control in young adults. This would lead to diminished performance 
onn even simple response time tasks that resembles diminished performance on executive 
functionn tasks. These simple tasks then require the intact functioning of structures mediating 
cognitivee control, i.e. the PFC and the DA system. When we analyze the data of young 
childrenn according to Model 2.2, the latent EF factor would not be separable from the latent 
SPP factor, as all tasks require executive control. If the speculative hypothesis expressed 
abovee were true, the variance of the EF factor would be (largely) shared with the variance of 
thee SP factor. The SP factor would in reality be a combined SP/EF factor. 

Inn Chapter 5 we were unable to identify differential age-related changes in the speed 
off  processing between pure blocks and repetitions in shift blocks. This could be due to 
thee involvement of executive control functions in pure block performance. The finding that 
repetitionss and alternations within task-shift blocks does show differential developmental 
patternss is by no means contradictory to the 'simple-executive' hypothesis. It is possible 
thatt children show specific, disproportional slowing on the task-set reconfiguration, leading 
too shift costs that are not attributable to the general 'SP/EF' factor. 

Howw could we test this idea? First, it would be useful to show that children display ERN 
activityy on correct trials, like patients with a prefrontal deficit. This is the most direct test 
off  the hypothesis expressed above. An indirect test that would serve as convergent evidence 
couldd be implemented by testing patients with a prefrontal deficit using the tasks described in 
Chapterr 2. In these patients, we would predict a pattern of results similar to the results found 
forr the child group in this chapter: a one factor model describing the response latencies for 
alll  tasks. 
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6.33 Conclusions 

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. 
Inn these chapters different statistical analysis techniques were used to identify differential 
patternss of development and aging when comparing tasks that rely in lesser or greater extent 
onn executive control functions. In all chapters the special role executive control functions 
playy in development and aging is demonstrated. Age-related changes in the efficiency of 
cognitivee processes are investigated from a neurocognitive viewpoint. It is demonstrated 
thatt age-related changes in brain structure have implications for the response latencies in 
taskss that rely in these structures. These results are presented here as convergent evidence 
forr the neurocognitive change hypothesis presented in Chapter 1. This hypothesis predicts 
specificc age-related differences for tasks that rely on executive control functions (presumed 
too rely on prefrontal brain structures). An important addition to this hypothesis is made, 
whenn observing the differences in the pattern of age-related change between young children 
andd seniors. The locus of the age-related changes in efficiency is shown to be different for 
childrenn and seniors. Although, on a broad level, there are similarities between the age-
relatedd changes in brain structure in the young and old, it appears that the effect of these 
changess is qualitatively different between both ends of the life-span. These differences are 
thoughtt to originate in: 1) Qualitative differences in the performance on 'non-executive' 
tasks,, and/or 2) Biological constraints on a more specific level, e.g., the role of DA in the 
inhibitoryy mechanisms. 
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