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AGE-RELATEDD CHANGES IN THE EFFICIENCY OF 
COGNITIVEE PROCESSING ACROSS THE LIFE SPAN 

Thee global spefd hypothesis and the specific loss hypothesis are dominant theoretical 
frameworkss in #w recent literature on cognitive development and aging. Few attempts 
havee been maie to explicitly test the discriminative and predictive power of the two 
frameworks.. & sample of subjects consisted of children, young adults, adults and 
seniors.. Aplysis of covariance, revealed a mixed pattern of results for these groups. 
Inn the child group, partialing out global speed removed the differences with adults in 
thee executive function tasks, suggesting that global processing speed was the primary 
factorr underlying developmental changes in the efficiency of information processing. In 
olderr adults, differences with adults remained in each of the executive function tasks 

jgStötjgStöt CM$Ê0Ê§JW global processing speed. These results suggest that executive 
corrtrbrc^fT^ieii a fundamental factor underlying the effects of aging on the efficiency 
off cognitive processing, independent of aging effects on global processing speed. 
Thesee results were corroborated by the outcome of structural equation modelling 
(SEM). . 

2.11 Introductio n 

Thee literature on cognitive development and the literature on cognitive aging has been 
dominatedd by two main theoretical frameworks: the global speed hypothesis and the specific 
lossloss hypothesis. The fundamental assumption of the global speed framework is that a global 
speedd factor accounts for all the relevant age-related variance in the efficiency of processing 
inn a wide array of cognitive tasks, regardless of the componential make-up of these tasks. 
Withinn the specific loss framework, it is assumed that age-related differences in the speed of 
informationn processing are best understood in relation to concurrent age-related structural 
andd functional changes in the brain. As explained in more detail below, the latter hypothesis 
predictss that age-related changes in tasks involving executive control, supported in large 
measuree by the frontal lobes, should be more pronounced than age differences in tasks with 
lesserr executive control demands. 

Bothh frameworks have been innovative in addressing old research questions by providing 
neww perspectives that offer a richer understanding of the observed phenomena. Both 
frameworkss have also been used for generating testable predictions. However, while support 
hass been amassed for both frameworks independently, there has been littl e convergence 
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betweenn the two. The main objective of the present article is to contribute to such a 
convergencee by evaluating the validity of these frameworks in one empirical study. Also we 
wantt to assess and compare the predictive and discriminative power of the two hypotheses. 

Too this end, we conducted a life-span developmental study, using a variety of tasks 
thatt vary in the demand on executive function in a within-subjects design. We used 
statisticall  methods to partition age-related variance on these tasks (analysis of covariance 
andd structural equations modelling). These features allowed us to assess whether age-related 
changess in the efficiency of executive control can be explained satisfactory in terms of a 
globall  speed factor alone. 

Thee Specific Loss Hypothesis  An increasing number of psychologists in the field 
off  cognitive development and cognitive aging have expressed an interest in the neural 
underpinningss of age-related changes in cognitive functions (see, e.g., Howe and Pasnak, 
1993;; Raz, 2000; van der Molen and Ridderinkhof, 1998b). As a result, proponents of the 
neurocognitivee change hypothesis, which can be seen as a derivative of the specific loss 
model,, (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; 
Whelihann and Lesher, 1985) have proposed that age related changes in cognitive function 
shouldd be examined in relation to age-related changes in brain structure and function. 
Theyy concluded that the frontal (specifically prefrontal, and more specifically dorsolateral 
prefrontal)) brain structures and the cognitive functions that rely on these parts of the brain 
aree most susceptible to effects of age on both ends of the life span. This frontal lobe 
hypothesiss has generated a series of research efforts, generally concluding that frontally-
supportedd executive control functions are more sensitive to age-related speed changes than 
functionss supported by other parts of the brain. 

Onee source of evidence stems from studies of development and aging that include 
executive-functionn tasks which are known to involve intact frontal functioning for efficient 
performance.. In the field of cognitive child development, age-related improvement has been 
reportedd in inhibitory control (for review see van der Molen, 2000), working memory (for 
revieww see Pennington, 1994), response selection (e.g., Ridderinkhof and van der Molen, 
1997),, response competition (e.g., Ridderinkhof and van der Molen, 1995), task switching 
(Cepedaa et al., 2000), adaptive problem solving (Chelune and Baer, 1986) and various other 
planningg and problem-solving tasks (for review see Welsh et al., 1991). Likewise, in the 
fieldfield of cognitive aging, deterioration has been reported in inhibitory control (for review 
seee Kramer et al., 1994), working memory (for review see Moscovitch and Winocur, 1992), 
responsee selection (e.g., Salthouse and Somberg, 1982), response competition (for review 
seee Bashore and Smulders, 1995), task switching (Kray and Lindenberger, 2000), adaptive 
problemm solving (for review see Ridderinkhof et al., in press) and various other planning and 
problem-solvingg tasks (for review see Pennington, 1994) 

Neuroimagingg studies of cognitive development and aging are another source of evi-
dencee (for a review see van der Molen and Ridderinkhof, 1998b). The results of studies 
examiningg brain growth in healthy children suggests that the frontal lobes are the last to 
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mature.. This suggestion is based on EEG studies (e.g., Thatcher, 1994), ERP studies 
(e.g.,, Courchesne, 1978, 1990), MRI studies (e.g., Jernigan et al., 1991), and PET studies 
(e.g.,, Chugani, 1994). The greater vulnerability to the effects of aging of the frontal lobes 
comparedd to other brain regions has been highlighted in the recent neuroimaging literature, 
includingg PET studies (e.g., Loessner et al., 1995; Moeller et al., 1996; Petit-Taboué et al., 
1998),, MRI studies (e.g., Coffey et al., 1992; Cowell et al., 1994; Murphy et al., 1996; Raz 
ett al., 1997), and ERP studies (e.g., Dustman et al, 1996; Fabiani and Friedman, 1995; 
Friedmann and Simpson, 1994). It should be noted, however, that the recent neuroanatomy 
andd neuroimaging literature suggest a pattern of more subtle differentiation in age-related 
declinee between the (pre-)frontal and non-frontal areas as well as within the frontal cortex 
(seee e.g., Raz, 2000; Uylings and de Brabander, in press). 

Thee Global Speed Hypothesis  In contrast to the specific loss hypothesis, the global 
speedd hypothesis does not focus on the neural underpinnings of cognitive development and 
aging,, although some work in this field is also done (e.g., Myerson et al., 1990). Within 
thiss framework, age-related changes in information-processing speed at both ends of the 
lif ee span are considered to be global and generalized, in the sense that these changes 
aree manifest to the same proportional extent in a wide array of cognitive operations. It 
hass been observed that performance in many different speeded and non-speeded tasks is 
affectedd by age to the same proportional degree, irrespective of the nature and extent of 
processingg required for successful task performance (e.g., Cerella, 1990; Hale, 1990; Kail 
andd Salthouse, 1994; Myerson et al., 1990; Salthouse, 1996b; Salthouse et al., 1998a; for a 
revieww see, e.g., Bashore and Smulders, 1995). The global-change hypothesis (in its various 
forms)) has explained large portions of age-related variance in an array of empirical and 
meta-analyticc al studies. Salthouse (2000) provides a review of recent ideas and procedures 
too partition age-related variance between tasks. Salthouse emphasizes the sheer number 
off  variables that appear to be related to age, and suggests that these relations could be 
sharedd relations. Analyzing two major datasets Salthouse concludes that 'relative littl e 
off  the effects on individual speed variables are independent of the effects on other speed 
variables'' (Salthouse, 2000, page 48). He goes on to stress the importance of a biological 
plausiblee model of the origins of age-related speed changes. These models would have to be 
corroboratedd using psychophysiological or neuro-biological variables. 

Globall  Speed versus Specific Loss  Consistent with the support of the global-speed 
hypothesis,, some studies report results emphasizing the role of global processing speed in 
agee related changes in executive-function tasks (e.g., Kray and Lindenberger, 2000; Mayr, 
2001;; Salthouse et al., 1998a). A growing number of studies, however, reports evidence 
forr process-specific age-related differences in the speed of cognitive control processes on 
topp of the global speed trend (e.g., Bashore and Smulders, 1995; Kramer et al., 1999; Kray 
andd Lindenberger, 2000; Mayr, 2001; Ridderinkhof et al., 1999; Ridderinkhof and van der 
Molen,, 1997; van Asselen and Ridderinkhof, 2000). These findings underline the need 
too explicitly compare the global speed and specific loss hypotheses with respect to their 
discriminativee and predictive power. 
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Severall  sources of variance may obscure observed differences in the proportion of age-
relatedd variance in executive functioning. The odds of finding superproportional age effects 
mayy depend on, for instance, differences in sample size, age range, experimental tasks, 
taskk demands, task formats and stimulus characteristics. Ridderinkhof and van der Stelt 
(2000)) concluded from a review of the psychophysiological literature that most attentional 
selectionn functions are available even to young children. They also concluded, however, that 
developmentall  deficiencies in these attentional processes may emerge as a function of task 
demandss and stimulus characteristics. Thus, such factors may contribute sources of variance 
thatt obscure attempts to assess whether the efficiency of cognitive control functions changes 
withh age independently of global processing speed. A major objective of the present study 
iss to provide a test of the two hypotheses in conditions where such sources of variance were 
minimizedd by using similar task formats for executive and non-executive tasks within the 
samee groups of subjects. 

Executivee Function Tasks  Among the central cognitive functions of the frontal brain are 
responsee selection (e.g., Passingham, 1995; Pennington, 1994), response suppression (e.g., 
Fuster,, 1997; Shimamura, 1995; West, 1996), working memory (e.g., Cabeza and Nyberg, 
1997;; Goldman-Rakic, 1987a,b; Petrides, 1995), and adaptive control or cognitive flexibilit y 
(e.g.,, Milner, 1963; West, 1996). Age-related changes have been reported for each of these 
functionss during both childhood and later adulthood. 

Responsee selection  Stimulus-response (S-R) translation or response selection pro-
cessess are typically manipulated experimentally by varying the compatibility between 
stimuluss position and the response side. The speed of response selection processes is delayed 
considerablyy when an incompatible S-R mapping is required compared to compatible re-
sponsess (for a review see Kornblum et al., 1990). Response selection processes are mediated 
throughh frontal brain areas, in particular premotor cortex and supplementary motor area (for 
aa review see Passingham, 1995). When incompatible responses are required, dorsolateral 
prefrontall  cortex is engaged to hold the prepotent compatible response in check (for reviews 
seee Fuster, 1997; West, 1996). The effect of S-R compatibility manipulations on the speed 
off  response selection has been observed to decrease as children grow into adolescence and 
too increase again as adults grow into senescence (e.g., Kay, 1954; Ridderinkhof and van der 
Molen,, 1997; Ruch, 1934; Salthouse and Somberg, 1982). 

Responsee suppression  Response inhibition processes are often manipulated experi-
mentallyy using one of two related paradigms: the Go/NoGo paradigm and the stop-signal 
paradigm.. In Go/NoGo tasks, some stimuli require speeded responses whereas other stimuli 
requiree that overt responses are withheld. Often, one aspect of the stimulus suggests a 
particularr predesignated response, whereas a second aspect indicates whether the response is 
too be given not. In stop tasks, one stimulus calls for a predesignated reaction, but incidentally 
presentedd stop signals demand the subject to inhibit the response. Electrophysiological 
evidencee has demonstrated that, although subjects often refrain from overt responding to 
NoGoo stimuli or on stop trials, the response direction feature of the stimulus has managed 
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too activate the associated response up to the level of the primary motor cortex (e.g., De Jong 
ett al., 1990, 1995; Miller and Hackley, 1992; Osman et al., 1992). Subsequently, activity in 
prefrontall  cortex is invoked to suppress the overt response (e.g., Band and van Boxtel, 1999; 
Clark,, 1996; Shimamura, 1995). The efficiency of response inhibition has been observed to 
increasee during childhood and decrease again during later adulthood (e.g., Kok and Talsma, 
1999;; Kramer et al, 1994; Ridderinkhof et al., 1999; van der Molen, 2000; Williams et al., 
1999). . 

Workin gg memory  Several experimental and neuropsychological tasks have been used 
too manipulate the involvement of working memory. Central in these tasks is the notion that 
informationn should not only be kept on-line (in some short-term memory storage), but should 
remainn available continuously for further operations necessary for proper task performance 
(cf.. Pennington, 1994). One example is the so-called n-back task, in which responses are to 
bee based on the stimulus material presented n trials ago (e.g., Jonides et al., 1997). While 
performingg the primary task, the information presented on a given trial should be kept active 
duringg the next n trials. The working memory load increases with the value of n. The primary 
brainn area involved in working memory is the prefrontal cortex, although modality-specific 
secondaryy association areas may also be important (cf. Cabeza and Nyberg, 1997; Cohen 
ett al., 1994; d'Esposito et al., 1995; Fuster, 1997; Gabrieli et al., 1997; Goldman-Rakic, 
1987a,b;; Milner, 1995; Petrides, 1995; Smith et al., 1996). The efficiency and capacity 
off  working memory is sensitive to age-related change at both ends of the life span (e.g., 
Hallidayy and Hitch, 1988; Pennington, 1994; Raz et al., 1998; Salthouse, 1994). 

Adaptivee control  Several approaches have been used to examine the efficiency of 
cognitivee flexibility  and adaptive behavior. A popular paradigm in experimental psychology 
iss task switching (Jersild, 1927), in which reaction time (RT) differences between task 
alternationss and task repetitions (switch costs) reflect the speed of task-set reconfiguration 
processes.. Recent neuropsychological and neuroimaging studies have identified brain 
areass involved in task-shifting competence, including primarily (left) frontal areas (most 
prominentlyy dorsolateral prefrontal; Dove et al., 2000; Meyer et al., 1998; Rogers et al., 
1998).. Whereas older adults are capable of performing elementary reaction-time tasks 
relativelyy well, their performance deteriorates markedly when they are asked to switch back 
andd forth between those tasks, (e.g., Botwinick et al., 1958b; Duncan et al., 1996; Hartley 
ett al., 1990; Kramer et al., 1999; Kray and Lindenberger, 2000; Mayr, 2001; Salthouse et al., 
1998a;; van Asselen and Ridderinkhof, 2000). 

Thee standard adaptive control task in neuropsychology is the Wisconsin Card Sorting 
Taskk (WCST; Grant and Berg, 1948). In the WCST, once subjects have classified cards 
accordingg to one stimulus dimension (e.g., color) for a while, they experience some difficulty 
inn shifting to another sorting principle (e.g., classifying the same cards according to shape). 
Milnerr (1963) reported that patients with dorsolateral frontal lobe lesions experienced more 
difficultiess in shifting from one rule to another compared to patients with orbitofrontal or 
moree posterior lesions. This greater difficulty was attributed to a greater susceptibility 
too the interference of responses made according to the previously correct rule. Since 
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Milner'ss seminal paper, many reports have confirmed the specific sensitivity of perseverative 
behaviorss to deficient functioning of frontal cortex (e.g., Barceló et al., 1997; Barceló 
andd Santome-Calleja, 2000; Drewe, 1974; Stuss and Benson, 1984). Recent neuroimaging 
studiess suggest the activation of prefrontal structures in successful WCST performance (e.g., 
Barceló,, 1999; Berman et al., 1995; Konishi et al., 1999, 1998; Omori et al., 1999; Ragland 
ett al., 1997; Tien et al., 1998). Considering that WCST performance involves many different 
aspectss of executive functioning (e.g., performance monitoring, integration of feedback, rule 
induction,, set shifting, and suppression of previous sorting rules), this task is likely to engage 
activityy of other cortical areas as well. The network of brain areas involved in WCST 
performancee includes prefrontal cortex, the hippocampus and posterior association cortex 
(e.g.,, Anderson et al., 1991; Corcoran and Upton, 1993; Nagahama et al., 1996, 1998; Tien 
ett al., 1998). Nonetheless, there appears to be general consensus both in clinical practice, in 
experimentall  neuropsychology, and in cognitive neuroimaging studies that prefrontal-cortex 
dysfunctionn is the main factor underlying deficient WCST performance, and, conversely, that 
perseverativee behavior is a reflection largely of inefficient prefrontal activity (for a review 
seee Barceló et al., 1997). 

Performancee in the WCST and similar tasks has been observed to change with age (cf. 
Heatonn et al., 1993). In particular, the tendency to persevere in no-longer-correct sorting 
ruless decreases as children grow older (e.g., Chelune and Baer, 1986; Zelazo et al., 1996), 
andd increases during the later stages of life (e.g., Arbuckle and Gold, 1993; Dywan et al., 
1992;; Esposito et al., 1999; Fristoe et al., 1997; Kramer et al., 1994; Loranger and Misiak, 
1960;; Nagahama et al., 1998; Raz, 2000; Ridderinkhof et al., in press; Salthouse et al., 1996). 

2.1.11 Experimenta l Approac h 

Inn order to minimize the sources of variance related to general task and stimulus charac-
teristics,, we sought to administer a variety of tasks, that shared the same task format and 
stimuluss materials. Some of these tasks were designed to engage executive functions, and 
somee were not. Since one of our objectives was to address the global speed hypothesis, we 
designedd a general speeded (reaction time) task format, varying the tasks to tap response 
selection,, response inhibition, working memory, and adaptive control abilities. Within this 
formatt we also created tasks that do not tap these functions. Stimuli (see Figure 2.1) were 
alwayss schematic faces, appearing in a four x four grid. The task format was adopted from 
aa previous study of perseverative behavior in older adults (Ridderinkhof et al., in press). 
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Figuree 2.1: Stimuli. Used by permission of the Center for Semiotic Research, Finlandgade 28, 8200 
AarhusAarhus N, Denmark 

Responsee selection  In one version of the task, if stimuli appeared in one of the grid 
positionss on the left part of the presentation grid, a right-hand response was required (and 
vicee versa). This task thus required the selective suppression of the prepotent (spatially 
compatible)) response, and instead the preparation of an incompatible response. 

Responsee inhibitio n  In another version, spatially compatible responses were required, 
thatt are relatively undemanding in terms of response selection processes. However, if a 
stimuluss had appeared on a particular position in the grid, this position was visually marked; 
if,, on subsequent occasions, a stimulus appeared on a marked position, the response was to 
bee withheld. This task thus required the suppression of responses that were activated directly 
onn the basis of compatible S-R mappings. 

Workin gg memory  In order to tax working memory, the same task as before (the response 
inhibitionn task) was applied, but in this version the positions in which stimuli had appeared 
previouslyy were not visually marked. Thus, the participants were to keep the previously 
usedd grid positions in working memory, and to refrain from giving a (spatially compatible) 
responsee when a stimulus appeared in one of these positions. During a series of (up to ten) 
trials,, the working-memory load thus increased from zero to nine items. 
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Adaptivee control  In this WCST-like version of the task, subjects were to make dis-
criminativee responses to one of three binary features of the stimuli: female versus male, 
laughingg versus not laughing, or wearing glasses versus no glasses. However, they were 
nott told in advance which of these dimensions was the target one; they were to infer the 
appropriatee sorting rule on the basis of (computer-generated) trial-by-trial feedback. After 
thee subject had discovered and mastered the correct sorting rule, this rule was changed 
withoutt announcement, and the subject was to detect this change and deduce the new sorting 
rulee through the interpretation of feedback. This version of the task elicited typical patterns 
off  perseverative behavior (similar to that seen in the WCST; cf. Heaton et al., 1993) in our 
previouss study (Ridderinkhof et al., in press). 

Non-executivee tasks  The simplest version of the task required a speeded response 
too any stimulus appearing anywhere in the display (always with the subject's dominant 
hand).. A slightly more demanding, but still fairly simple task was the spatially compatible 
choicee task (similar to the response inhibition and working memory tasks, but without these 
components).. A final task required gender discrimination (as in the adaptive control task, 
butt without the rule induction and rule shifting components). This task calls on response 
selectionn processes, but the mapping of stimuli (female/male) on responses (left/right) is 
completelyy arbitrary. 

2.1.22 Analytica l Approac h 

Severall  analytical techniques are available for examining the extent to which executive 
functionss are sensitive to the effects of age. Conventional procedures include analysis 
off  variance and regression analysis. ANOVA is used to test the null hypothesis of zero 
agee effects on response latency and error incidence (in any task) against the alternative 
hypothesiss that (in any task) response latencies and error rates of children and older adults 
exceedd those of young adults. Brinley analysis (a form of linear regression analysis, in which 
RTss of children or older adults are predicted from those of young adults), in contrast, is used 
too test the null hypothesis of global age effects on response latency (in any task) against 
thee alternative hypothesis that age effects on response latency in some tasks depart from 
thee global effect. ANOVA and Brinley analysis typically yield contradictory results (see, 
e.g.,, Bashore and Smulders, 1995), in the sense that ANOVA often indicates significant age 
effectss on some tasks and not on others, whereas Brinley analysis usually indicates that 
thee age-related variance in each of these tasks is well-described by a single global speed 
function. . 

Too provide a direct statistical test of the differential sensitivity of executive and non-
executivee functions to the effects of age, we will examine the age-related variance that is 
uniquee to executive-function performance (that is, not shared with performance in the non-
executivee tasks). The global speed hypothesis predicts that after partialing out the covariance 
withh non-executive task performance, littl e variance in executive-function performance re-
mainss to be explained uniquely by age. According to the neurocognitive change hypothesis, 
inn contrast, age should affect performance in the executive-function tasks even when non-
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executivee task performance were entered as a covariate in a MANCOVA. 
Ann alternative method of analyzing response time data is by means of structural equation 

modellingg (SEM), which allows us to formulate and test the executive/non-executive model 
explicitly.. In SEM the mean reaction times obtained in the various experimental tasks can be 
relatedd to common latent factors, which are hypothesized to explain the covariance among 
thee mean reaction times and the mean differences between the age groups. The model 
underr investigation is shown in Figure 2.2. Performance on all tasks is influenced by a 
commonn latent variable, global speed (SP). In addition, performance on executive-function 
taskss (denoted T4-T7 in the equations and in Figure 2.2) is influenced by a second latent 
variable,, viz., executive function (EF). The model equations may be written conveniently 
usingg matrix algebra, as follows: 

7}}  = V + ATV + E,-, (2.1) 

wheree subscript j denotes group, l=young, 2=adolescent, 3=adult and 4=senior. In Equation 
2.11 A denotes the seven x two matrix of factor loadings, the seven-dimensional factor 
vv contains the constant intercepts (like an intercept in standard regression). The seven-
dimensionall  random factor 7) contains the mean response latencies (Note that we do not use 
subjectt subscripts). The seven-dimensional random factor e contains zero-mean residuals. 
Thee two-dimensional random factor r| contains the scores on the two common factors. These 
vectorss and matrix are shown below. 
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Thee model is used to investigate observed mean differences between the groups as a 

functionn of mean differences in the latent factors SP and EF. The use of structural equation 
modellingg to investigate covariance and mean structures is common in the psychometric 
literaturee (Bollen, 1989; Sörbom, 1974). For discussions of the application of SEM to 
responsee latencies see Donaldson (1983); Heuer (1985); Molenaar et al. (2001). 

n// = 
SPj SPj 

EF EF jj . 
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Tl l 
S RI I 

T2 2 
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T3 3 
CRT-C C 

T4 4 
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T5 5 
CRT-D D 

T6 6 
SWM M 

T7 7 
CRTDS S 

Figuree 2.2: Graphical representation of the SEM: SP = Latent 'Speed'factor, EF = Latent 'Executive 
Function'Function' factor. 

2.22 Metho d 

2.2.11 Participant s 

Subjectss in four different age groups participated in this study. A group of 22 children 
(133 females; mean age: 9.2; age range: 8-11; Raven-quartile: 3.16; Raven-quartile sd: 
.95)) was recruited from elementary schools in Amsterdam. A group of 17 adolescents (9 
females;; mean age: 15.4; age range: 15-16; Raven-quartile: 3.50; Raven-quartile sd: .78) 
weree recruited from high-schools in Amsterdam. For all children and adolescents, informed 
consentt was obtained from their parents and teachers. The children and adolescents received 
aa small gift in return for their participation. A group of young adults consisted of 21 
studentss from the University of Amsterdam (13 females; mean age: 24.1; age range: 19-
33;; Raven-quartile: 3.28; Raven-quartile sd: .90), who received course credits for their 
participation.. A group of 19 older adults (13 females; mean age: 68.7; age range: 60-
79;; Raven-quartile: 2.90; Raven-quartile sd: 1.04) was recruited through local newspaper 
advertisements.. Informed consent was obtained from all young and older adults. Children 
weree tested simultaneously in groups of up to four in a quiet room at their local school; 
youngg and older adults were tested individually in a quiet university laboratory chamber. 
Al ll  subjects were healthy and had normal or corrected-to-normal vision. Subjects were 
screenedd for use of alertness-changing medication and subjective health-experience. Mean 
Raven-quartilee scores did not differ between groups (F(3,79) = 1.397, p>.05), suggesting 
thatt subjects in different age groups were comparable in terms of intelligence. 
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2.2.22 Stimul i and apparatu s 

Thee subjects were seated in front of computer monitor at a viewing distance of 40 cm. 
Stimuluss presentation and response registration were controlled by an Apple Macintosh 
LC4755 computer. The stimulus configuration consisted of a permanently visible four x 
fourr presentation grid with 16 possible stimulus positions. Each stimulus position was 
demarkedd by a square of 37 x 37 mm, creating a grid with a size of 16 x 16 cm. The 
criticall  stimuli were drawings of faces (see Figure 2.1), each measuring 4.3° of visual angle 
(33 cm high), that could appear (one at a time) in any one of the possible stimulus positions. 
Theree were eight different stimuli, varying along three binary dimensions (male/female, 
laughing/nott laughing, glasses/no glasses; see Figure 2.1). All stimulus elements were 
blackk line drawings presented against a white background. Feedback stimuli were the words 
"GOED"" and "FOUT" (the Dutch words for correct and incorrect), presented in the center 
off  the four by four grid in green and red, respectively (in the Geneva 12 standard computer 
font).. In addition, the total number of correct answers was displayed continuously to the 
rightt of fixation. Cue stimuli consisted of the statement "WE ZIJN VERHUISD" ("we have 
moved")) or "NIEUWE SERIE" ("new series"), presented in red (Geneva 12) directly above 
thee four by four grid. 

2.2.33 Desig n and General Procedur e 

Taskk details varied from task to task, but stimulus materials and most procedural details 
weree kept constant across tasks. In each task, on each individual trial, one stimulus (selected 
randomlyy and with equal probability) appeared in one of the possible stimulus positions on 
thee grid (selected randomly and with equal probability unless specified otherwise). The 
stimuluss designated a response with one of two response keys (the z and / keys of the 
computerr keyboard, that were labelled with green and red colors), which were operated 
byy the left and right index fingers, respectively. The subject's task was always to respond as 
fastt and accurate as possible with the designated response finger. The instruction was always 
"Respond"Respond as quickly as possible, but be sure not to make many errors". Which response was 
thee correct one on a given trial depended on the specific instruction, which varied (and was 
explained)) from task to task. Task-specific instructions were explained extensively to the 
subjectt prior to each task. Stimulus presentation was response-terminated; in tasks that 
includedd trials in which subjects were to refrain from responding, the maximum response 
timee was 3.5 seconds. Stimulus offset was followed immediately by the presentation of 
feedback.. The stimulus associated with the next trial was presented one second after 
feedbackk onset. 

Caree was taken to ensure that all subjects understood the instructions and were able to 
performm the task. A practice block consisting of 50 trials preceded each task. Feedback 
wass intended to motivate the subjects to perform accurately, but not at the expense of speed. 
Fivee points were earned for each correct response, and five bonus points could be gained for 
responsess that were faster than the individual's average response plus one standard deviation. 
Thee tasks were administered in random order, and were separated by short breaks (of one 
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too two minutes). A 12-minutes break followed the fourth task. The time taken to complete 
onee task block varied between five and 20 minutes, depending on the specific task. Total 
testtest time amounted two and a half hours, including instruction, practice, and time spent on 
questionnaires.. All tasks consisted of 160 trials, unless stated otherwise. 

2.2.44 Task Detail s 

Simplee Reaction Time task • In the Simple response time task, whenever a stimulus 
appearedd in any of the possible stimulus positions of the presentation grid, the subject was 
too press the /-button with the index finger of the right hand as fast as possible, regardless of 
thee identity or position of the stimulus. 

Compatiblee Spatial Discrimination task • In this task, henceforth referred to as the 
CompatibleCompatible task, stimuli that appeared in any of the possible stimulus positions to the left of 
thee horizontal center of the grid designated a response with the index finger of the left hand, 
andd vice versa. Thus, spatially compatible button-presses were required in response to the 
locationn of the stimulus. 

Incompatiblee Spatial Discrimination task • In this task, referred to as the Incompatible 
task,task, stimuli that appeared in any of the possible stimulus positions to the left of the 
horizontall  center of the presentation grid designated a response with the index finger of 
thee right hand, and vice versa. Thus, spatially incompatible button-presses were required in 
responsee to the location of the stimulus. 

Genderr Discrimination task • In this task, referred to as the Gender task, any female 
facee stimulus appearing in any position on the grid designated a response with the index 
fingerr of the left hand; male faces designated right-hand responses. Thus, stimuli required a 
discriminativee response to the gender of the faces. 

Disjunctivee Compatible Spatial Discrimination task • The basic task was identical to 
thee Compatible task: facial stimuli that appeared in any position to the left of the horizontal 
centerr of the presentation grid designated a response with the index finger of the left hand, 
andd vice versa. In the present task (referred to as the Disjunctive task), however, trials 
weree presented in sequential groups of nine. If on a particular trial a stimulus appeared 
onn a particular position, that position would be accentuated visually with a black contour 
onn subsequent trials. Thus, over the course of nine trials, more and more of the possible 
stimuluss positions would be marked with a black contour. 

Thee subject's additional task was to determine on each trial whether the actual stimulus 
positionn in which the stimulus was presented was marked with a black contour. If so, the 
subjectt was to refrain from responding on that trial (No-Go); if not, a discriminative response 
wass required (Go) as in the compatible discrimination task. No-Go probability (i.e., the 
probabilityy that a stimulus occurred on a marked position) was programmed to be .125 on 
eachh trial (except for each first trial in a series of nine, which was always a Go trial). Upon 
completionn of a series of nine trials, before the next trial began, the message "NIEUWE 
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SERIE""  ("new series") was presented, indicating the beginning of a new series of nine trials. 
Att that time, all grid positions were cleared so that the computer screen retained its initial 
appearance.. The disjunctive tasks consisted of 270 trials. 

Disjunctiv ee Compatibl e Spatia l Discriminatio n and Spatia l Workin g Memor y task

Thiss task, referred to as the Disjunctive Memory task, was identical to the Disjunctive 
task,, with one exception: grid positions that had been occupied in previous trials were not 
markedd with a black contour. Thus, subjects were required to memorize each previously 
occupiedd position within the series of nine trials, and on each trial retrieve from their memory 
whetherr the grid position in which the present stimulus occurred was previously used. The 
requirementt to refrain from responding when the stimulus occurred in a previously used 
positionn calls on spatial working memory, as on each trial a series of spatial positions should 
bee updated and operated on. The working memory load increased from zero on the first to 
eightt on the ninth trial in each series. 

Dimensionall  Discrimination and Shift task • This task, referred to as the Dimensional 
ShiftShift task, was adopted from a previous study (Ridderinkhof et al., in press, experiment 
1).. In contrast to computerized versions of the WCST, which bear close resemblance to 
thee original clinical test in many respects, the present implementation was designed to 
affordd an analysis of the speed of information processing, which is critical for our central 
researchh questions. The subject's task was to sort the stimuli using one of the three stimulus-
dimensions.. For instance, male and female faces could require a left- and right-hand button 
response,, respectively; laughing/not-laughing faces could require left/right responses, and so 
on.. The critical sorting dimension was initially unknown to the subject, and could be altered 
afterwards.. Subjects were told to apply the male/female, laugh/not-laughing, or glasses/no-
glassess sorting rules, and in addition they were to use the trial-by-trial feedback to infer 
whichh sorting rule was relevant. They were also told that the relevant sorting rule could 
changee from time to time, and that in that case they had to use the trial-by-trial feedback to 
inferr a new sorting rule. The initial sorting rule was selected randomly. When the subject 
hadd correctly applied the relevant sorting rule in eight out of the last ten trials, the sorting rule 
wass shifted to another. Intra-dimensional shifts (e.g., from female-left/male-right to female-
right/male-left)right/male-left) never occurred; after a dimensional shift one of the other dimensions served 
ass the basis for discriminative responding. The Dimensional Shift task consisted of 260 
trials. . 
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2.2.55 Dependen t Measure s 

Thee main dependent variable in each task was the mean response latency for correct 
responses.. All responses with a response latency exceeding the mean by more than three 
standardd deviations (for each subject and each task separately; this amounted to less than 
1.5%% of all trials) were excluded from the response time analyses. 

Inn the Dimensional Shift task, a variety of measures was obtained. A number of different 
phasess were discerned. First, in accordance with Somsen et al. (2000), rule induction 
phasess were distinguished from rule application phases. Subsequent to a dimensional shift, 
feedbackk stimuli are to be processed to infer the need to shift, the old rule is to be abandoned, 
hypothesess are to be formulated concerning the new rule, and these hypotheses are to be 
testedd using feedback stimuli. Once the new discrimination rule has been discovered, none of 
thesee requirements hold any longer; the task is reduced to applying a known discrimination 
rule.. The rule induction phase can be divided further into perseverative trials, in which 
thee subject persisted in sorting according to the previous sorting rule even though feedback 
indicatess that this rule is no longer correct, and rule search trials, in which the subject has 
abandonedd the old rule and is trying to discover the new sorting rule. Since prior to the first 
dimensionall  shift there was no 'old rule', during this phase perseverative trials cannot occur, 
andd rule search in this phase may differ from rule search in post-shift phases. Perseverative 
trialss are defined as the number of errors per shift in which the response would be correct if 
thee previous rule was still active. 

Meann response latency was determined for rule search trials in the initial (pre-shift) 
phase,, rule search trials in subsequent (post-shift) phases, perseverative trials, and rule 
applicationn trials. In addition, a number of frequency measures was obtained. First, we 
measuredd the number of trials needed to learn and apply the first dimensional discrimination 
rulee (the total number of trials preceding the first shift). Second, we measured the number 
off  successfully learned dimensional discrimination rules (number of rule-shifts). Third, we 
measuredd the number of perseverative trials (as defined above) per rule shift. 

2.2.66 Analysi s of Varianc e 

Forr each task separately, each of the dependent measures was submitted to MANOVA. 
Agee Group was entered into these MANOVA's as a between-subjects factor with four 
levelss (8-11 year-olds, 15-16 year-olds, 19-33 year-olds, and 60-79 year-olds). The com-
binedd results of the Compatible and Incompatible tasks were analyzed together, including 
Stimulus-Responsee Compatibility as a within-subjects factor with two levels (compatible, 
incompatible).. The combined results of the Disjunctive and Disjunctive Memory tasks were 
alsoo analyzed together, including the within-subjects factor Working Memory Load (absent, 
present).. In the Dimensional Shift task, response latencies for the four response categories 
weree submitted together to a MANOVA that included the factor Response Category (initial 
rulee search, subsequent rule search, perseverative, and rule application). 
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2.2.77 Brinle y Analysi s 

Brinleyy analysis is an analytical technique that has been used frequently to determine the 
extentt to which age-related changes in cognitive task performance can be explained in terms 
off  global processing speed. For each age group separately, all speed measures from all 
taskss were plotted against the corresponding measures from young adults; the proportion 
off  variance in the resulting scatter that can be explained by a linear regression function 
indicatess the fit of the global speed model, with the slope of the regression line reflecting the 
proportionall  extent by which global speed in the experimental group is slower than that of 
youngg adults. 

2.2.88 Analysi s of Covarianc e 

Inn an alternative analysis aimed at identifying the unique contribution of executive functions 
too age-related trends in processing speed, mean response latencies were entered into a 
MANCOVA.. Dependent variables were mean RTs from the Incompatible, Disjunctive, 
Disjunctivee Memory, and Dimensional Shift tasks (thought to involve executive functions); 
meann Response latencies from the Simple Response Time, Compatible, and Gender tasks 
(thoughtt to involve executive functions to a lesser extent) were entered as covariates, to 
assesss whether the independent (between-subjects) variable Age Group exerts significant 
effectss on response latency in the executive function tasks after the age effects on non-
executivee tasks are partialled out. 

2.2.99 Structura l Equatio n Modellin g 

Fourr of our tasks (the Incompatible, Disjunctive, Disjunctive Memory, and Dimensional 
Shiftt tasks, denoted T4 through T7) were designed to involve both executive functioning 
(EF)) and speed (SP), whereas the three other tasks (the Simple RT, Compatible, and Gender 
tasks,, denoted Tl through T3) were designed mainly as speed (SP) tasks. The model we fit 
thuss incorporates two latent variables: a general speed factor (SP) and an executive function 
(EF)) factor. Together these account for the covariance in Response latency among all seven 
taskss within the four groups, and for mean differences between the four groups. For all 
sevenn tasks, response times should load on the SP factor, as in all seven tasks the subjects 
weree required to respond as quickly as possible. In addition, response latencies on executive 
taskss (T4-T7) load on the EF factor. The model equations for the observed response times 
aree given in Equation 2.1. 

Assumingg that in Equation 2.1 the residuals e and the factors r| are uncorrected we have 
thee following expression for the covariance matrix and the mean vector in each group: 

LLjj = Ax¥jAT+®j 
/dj/dj = v + Aaj 



-36-- 2.. The Efficiency Of Cognitive Processing Across The Life Span 

Ass above, the subscript j denotes group. The covariance matrix £,  is the expected (or 
model)) covariance matrix in group j . The vector fjj  is the expected (model) mean vector 
inn group j . Furthermore, 0/ is the diagonal covariance matrix of the residuals (e). This 
covariancee matrix is diagonal because the residuals are assumed to be mutually uncorrelated. 
Thee matrix *¥j is the diagonal covariance matrix of the common factors that represent 
executivee functioning (EF) and basic speed (SP). As above, the vector v is defined as a vector 
off  constant intercepts. The vector a,- represent the means of the common factor within each 
group,, i.e., 

ajaj = 
E[SPj] E[SPj] 
E[EFj\ E[EFj\ 

I ]]  =A4' iA T + 01 

L22 = A^2 A
T + 02 

L33 = A^3 A
T + 03 

UU = A¥4A T + 04 

Ass it stands the model requires a number of restrictions to render the parameters 
identifiable.. We set the vector a3 to equal zero. This identifying restriction involves equating 
thee constant intercepts and the means in the adult group: JJT, = v. As a consequence, the 
vectorss oti* , CC2* and a4*  are interpreted as mean differences in the common factors. This 
mayy be seen if we express the effect of equating ^3 and v as follows: 

i u ] =vv + Aa] A a3 = v + A(ai a3 ) = v + Aai* 
jU2=vv + Aa2 A a3 = v + A(a2 a3 ) = v + Aa2* 
jU33 = V + ACt3 AOC3 = V 
{J4{J4 = v + Aa4 A013 = v 4- A(a4 a3) — v + Aa4* 

Inn addition, we standardized the common factors EF and SP in all four groups (¥| = 
^22 = ¥3 — ^4 = I)- In principle it is possible to standardize the common factors in one 
groupp and estimate the factor variances in the other three groups. The assumption of equal 
factorr variances (i.e., standardized in all four groups) was tested and found to be tenable. 
Thee residual variances, however, where found to differ between the groups. 

Notee that in this model the common factors account both for the covariance between 
thee reaction times within the groups and for the mean differences between the groups. This 
iss consistent with our hypotheses that the groups differ with respect to the hypothetical 
constructss 'speed of responding' and 'executive functioning'. We are mainly interested in 
thee estimates of oti*, a2*  and a4* , as these represent the differences in means between the 
groups. . 



2.3.. Results and Discussion -37--

Tablee 2.1: Means (and standard deviations) of response latencies in ms. Acronyms are used for tasks: 
S=SimpleS=Simple Reaction Time task, C=Compatible task, I=Incompatible task, G-Gendertask, 
D=DisjunctiveD=Disjunctive task, DM=Disjunctive Memory task, DS=Dimensional Shift task 

Groupp S C G I D DM DS 
Childd 319 (59) 467 (78) 693 (156) 584 (192) 675 (199) 768 (190) 996 (227) 
Adolescentt 287 (58) 397 (58) 615 (101) 467 (85) 562 (109) 694 (143) 864 (179) 
Adultt 274(61) 362(87) 560(90) 444(113) 515(138) 623(165) 830(201) 
OlderAdultt 314(55) 467(82) 728(80) 729(210) 801(151) 978(202) 1562(351) 

Tablee 2.2: Means and Standard deviations ofError%. Acronyms are used for tasks: S=Simple Reac-
tiontion Time task, C-Compatible task, I=Incompatible task, G=Gender task, D=Disjunctive 
task,task, DM=Disjunctive Memory task, DS=Dimensional Shift task 

Groupp S C G I D DM DS 
Childd - 7.6 (5.3) 21.2 (14.7) 14.9 (9.6) 6.6 (4.9) 9.4 (9.1) 22.2 (5.9) 
Adolescentt - 3.1 (2.5) 9.9 (5.6) 6.2 (6.3) 4.1 (5.5) 4.7 (3.1) 19.4 (5.2) 
Adultt - 2.8 (2.9) 7.6 (4.2) 4.9 (2.8) 2.9 (1.6) 3.2 (2.0) 19.3 (6.1) 
OlderAdultt - 4.7 (10.6) 2.8 (2.5) 5.2 (4.4) 1.6 (1.3) 4.8 (12.0) 26.2 (8.5) 

2.33 Result s and Discussio n 

Thee present sample consisted of 22 children, 17 adolescents, 21 young adults, and 19 older 
adults.. Mean response latencies (and standard deviations) for correct responses in each task 
aree presented for each Age Group in Table 2.1. Similarly, accuracy data are presented in 
Tablee 2.2. A graphical representation of these data is given in Figure 2.3. 

2.3.11 Analysi s of Varianc e 

Simplee RT task • Conforming to typical observations, response speed in the Simple RT 
taskk increases as children grow older and then decreases again as adults grow older. Pairwise 
comparisonss between groups indicated that the 8-9 year old and the 60-79 year old were 
slowerr then the 19-33 year old. The 15-16 year old did not differ significant from any of the 
otherr groups, nor did the 8-9 year olds differ from the 60-79 year old (see Table 2.3). No 
errorss of omission were recorded for any subject. 

Tablee 2.3: Summary Table of AN OVA results on Correct Response Times in the Simple RTtask 

Age e 
Contrast t 

Mainn Effect 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

df df 
(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

F F 
2.84 4 
1.68 8 
0.70 0 
2.21 1 

P P 
.043 3 
.096 6 
.484 4 
.030 0 
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Figuree 2.3: Graphical representation of the mean response latencies for all tasks. 

Compatiblee and Incompatible tasks • Response latencies in the Compatible and Incom-
patiblee tasks varied as a function of S-R Compatibility and Age Group (see Figure 2.3). The 
effectt of Age Group on response latency was such that adolescents were faster than children 
andd young adults were faster than older adults, whereas 15-16 year-olds and 19-33 year-olds 
didd not differ among each other (see Table 2.4). Incompatible responses were significantly 
slowerr than compatible responses. This S-R Compatibility effect was modulated by Age 
Group:: it ranged from 117 ms in children to 70 ms in adolescents to 82 ms in young adults 
too 262 ms in older adults. Contrast analyses indicated that the S-R Compatibility effect was 
greaterr for 60-79 year-olds than for the other age-groups, whereas it did not differ between 
adolescentss and young adults (see Table 2.4). 

Responsee accuracy (error %) was also influenced by S-R Compatibility and Age Group 
(seee Table 2.4). The effect of Age Group was such that 15-16 year-olds made fewer errors 
thann did 8-11 year-olds. 60-79 year-olds made no more errors than 19-33 year-olds and 
alsoo 15-16 year-olds and 19-33 year-olds did not differ among each other (see Table 2.4). 
Thee Incompatible task elicited significantly more errors than the Compatible task. This S-R 
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Tablee 2.4: Summary Table ofANOVA results for the compatible and incompatible tasks, top half for 
responseresponse times, bottom half for the error % 

ResponseResponse times 
""  df F ~p 

Age e 
Compatibility y 
Agee x Compatibility 
Agee main Contrast 

Agee x Compatibility Contrast 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

(3,75) ) 
(1,75) ) 
(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

12.3 3 
99.0 0 
9.87 7 
2.47 7 
0.92 2 
5.55 5 
0.97 7 
0.005 5 
4.75 5 

.000 0 

.000 0 

.000 0 

.016 6 

.361 1 

.000 0 

.335 5 

.958 8 

.000 0 

ErrorError  % 
Age e 
Compatibility y 
Agee x Compatibility 
Agee main Contrast 8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

(3,75) ) 
(1,75) ) 
(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

9.06 6 
16.7 7 
3.65 5 
3.89 9 
0.48 8 
0.67 7 

.000 0 

.000 0 

.016 6 

.000 0 

.627 7 

.500 0 
Agee xCompatibility Contrast 8-11 vs 15-16 (1,38) 1.85 .068 

15-166 vs 19-33 (1,37) 0.44 .659 
19-333 vs 60-79 (1,39) 0.74 .460 

Compatibilityy effect was modulated by Age Group, ranging from 7.3% in children to 3.1% 
inn adolescents to 2.1% in young adults to 0.5% in older adults. 

Genderr  task • Response latencies and accuracy in the Gender task varied as a function of 
Agee Group (see Figure 2.3). The effect of Age Group on response latency can be described 
ass follows: adolescents were faster than children and young adults were faster than older 
adults,adults, whereas adolescents and young adults did not differ among each other (see Table 
2.5).. The effect of Age Group on errors of choice was such that 15-16 year-olds made fewer 
errorss than did 8-11 year-olds. 60-79 year-olds did not make more errors than 19-33 year-
olds;; and again, no differences were observed between 15-16 year-olds and 19-33 year-olds 
(seee Table 2.5). 
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Tablee 2.5: Summary Table ofANOVA results on Response Times and Error% in the Gender RT task 

ResponseResponse Times 
Age e 
Contrast t 

ErrorError  % 
Age e 
Contrast t 

Mainn Effect 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

Mainn Effect 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

df df 

(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

F F 

9.15 5 
2.15 5 
1.51 1 
4.71 1 

17.4 4 
4.07 7 
.083 3 
1.78 8 

P P 

.000 0 

.035 5 

.134 4 

.000 0 

.000 0 

.000 0 

.406 6 

.078 8 

Disjunctivee and Disjunctive Memory tasks • Response latencies in the Disjunctive and 
Disjunctivee Memory tasks varied as a function of Working Memory Load and Age Group 
(seee Figure 2.3). The effect of Age Group on response latency showed that 15-16-year-olds 
tendedd to be faster than 8-11 year-olds and 19-33 year-olds were faster than 60-79 year-
olds,, whereas 15-16 year-olds and 19-33 year-olds did not differ (see Table 2.6. Responses 
weree significantly slower in the load compared to no-load condition. This Working Memory 
Loadd effect was not modulated by Age Group. Contrast analyses indicated that the Working 
Memoryy Load effect tended to be smaller for 19-33 year-olds than for 60-79 year-olds (see 
Tablee 2.6). 

Thee incidence of errors of choice was influenced by Age Group and tended to be 
influencedd by Working Memory Load. Tests of the effect of Age Group showed that children 
committedd more errors of choice than did adolescents, but adolescents, young and older 
adultss did not differ among each other (see Table 2.6). The Working Memory Load condition 
tendedd to elicit more errors than the no-load condition. This Working Memory Load effect 
wass equal between Age groups (see Table 2.6). Thus, the conspicuously small Working 
Memoryy Load effect on response latency observed in young children could not be explained 
byy a trade-off between speed and accuracy. 

Dimensionall Shift task • First, response latencies in the Dimensional Shift task varied as 
aa function of Response Category and Age Group (see Table 2.7). As in the other tasks, the 
effectt of Age Group on response latency was such that 19-33 year-olds were faster than 60-
799 year-olds, whereas 8-11 year-olds, 15-16 year-olds and 19-33 year-olds did not differ 
amongg each other (see Table 2.7 and 2.8). Response latencies differed between the four 
responsee categories: see Table 2.8. 

Thee number of trials needed to learn and apply the first dimensional discrimination rule, 
thee number of rule shifts, and the number of perseverative trials per rule shift (see Table 2.7) 
weree submitted together as dependent measures to MANOVA. The multivariate test revealed 
aa significant Age Group effect (Wilks X = .793, F(3,73)=1.97,p=.044). Contrast analysis on 
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Tablee 2.6: Summary Table of AN OVA results for the Disjunctive and the Disjunctive Memory tasks, 
toptop half for response times, bottom half for the error % 

ResponseResponse times 
dfdf F p 

Age e 
Memoryy Load 
Agee x Memory Load 
Agee main Contrast 

Agee x Memory Load Contrast 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

ErrorError  % 
Age e 
Memoryy Load 
Agee x Memory Load 
Agee main Contrast 

Agee x Memory Load Contrast 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 
8-111 vs 15-16 

15-166 vs 19-33 
19-333 vs 60-79 

PJ5) ) 
(1,75) ) 
'3,75) ) 
11,38) ) 
(1,37) ) 
(1,39) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

15.8 8 
83.7 7 
1.78 8 
1.87 7 
1.17 7 
6.54 4 
0.98 8 
0.57 7 
1.77 7 

.000 0 

.000 0 

.157 7 

.065 5 

.246 6 

.000 0 

.340 0 

.537 7 

.080 0 

(3,75) ) 
(1,75) ) 
(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

5.48 8 
3.63 3 
0.63 3 
2.45 5 
.089 9 
.008 8 
.79 9 
.124 4 
1.10 0 

.002 2 

.061 1 

.595 5 

.017 7 

.371 1 

.930 0 

.429 9 

.901 1 

.264 4 

Tablee 2.7: Dependent Measures derived from the Dimensional Shift Task 
## Trials # Perseverative 

RTT Initial RT Subsequent RT Perseverative RT Rule Preceding # Rule Responses per 
Groupp Rule Search Rule Search Responses Application First Shift Shifts Shift 
Childd ÏÏ68 ÏÏÏÏ 1 990 977 Ï9!Ö Ï Ï 5 4.19 
Adolescentt 1072 958 935 830 12.4 15.6 2.95 
Adultt 982 911 884 819 15.0 16.4 2.86 
Olderr Adult 2008 1689 1672 1558 21.8 10.7 5.90 

subsequentt ANOVA's was performed to further examine the Age Group effects on each of 
thesee dependent measures separately (see Table 2.9). 

Thee number of trials needed to learn and apply the first dimensional discrimination rule 
didd not differ between Age Groups. The number of rule shifts did depend on Age Group: 
Adultss made more rule shifts than older adults; Children, adolescents and young adults 
reachedd an equal number of rule shifts. Finally, the number of perseverative trials per rule 
shiftt varied with age: Older adults persevered more often than young adults; Children and 
youngg adults did not differ from adolescents. 
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Tablee 2.8: Summary Table of AN OVA results on Response Times Measures in the Dimensional shift 
task task 

Age e 
Responsee Category 
Agee x Response Category 
Agee Main Contrast 

Responsee Category Contrast 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 
Initiall  Rule vs 
Subsequentt rule search 
Initiall  Rule vs 
Perseverativee responses 
Initiall  Rule vs 
Rulee Application 
Subsequentt Rule vs 
Perseverativee responses 
Subsequentt Rule vs 
Rulee Application 
Perseverativee responses 
vss Rule Application 

df df 
(3,75) ) 
(3,73) ) 
(9,177.8) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

(1,75) ) 

(1,75) ) 

(1,75) ) 

(1,75) ) 

(1,75) ) 

(1,75) ) 

F F 
32.7 7 
11.8 8 
.866 6 
0.90 0 
0.50 0 
8.86 6 

13.7 7 

16.9 9 

25.5 5 

4.1 1 

22.6 6 

10.3 3 

P P 
.000 0 
.000 0 
.557 7 
.365 5 
.610 0 
.000 0 

.000 0 

.000 0 

.000 0 

.045 5 

.000 0 

.002 2 

Tablee 2.9: Summary Table ofANOVA results on each of the frequency measures in the dimensional 
shiftshift task. #Preshift = number of trials preceding the first shift; #Shifts = total number of 
rulerule shifts; #Pers - mean number of perseverative responses per shift. 

#Preshift t 
Age e 
Contrast t 

#Shifts s 
Age e 
Contrast t 

#Pers s 
Age e 
Contrast t 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 

8-111 vs 15-16 
15-166 vs 19-33 
19-333 vs 60-79 

(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

(3,75) ) 
(1,38) ) 
(1,37) ) 
(1,39) ) 

.755 5 
0.98 8 
0.10 0 
1.03 3 

6.14 4 
1.46 6 
0.53 3 
3.97 7 

2.80 0 
0.99 9 
0.01 1 
2.54 4 

.532 2 

.328 8 

.693 3 

.303 3 

.001 1 

.147 7 

.594 4 

.000 0 

.049 9 

.322 2 

.943 3 

.000 0 
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2.3.22 Discussio n of ANOVA Result s 

Thee general pattern emerging from ANOVA is that on most of the tasks, children performed 
worsee than adolescents and older adults performed worse than young adults, while perfor-
mancee in adolescents and young adults was comparable. For response latency measures, 
thiss U-shaped pattern was obtained in each task, although in some tasks (the Gender and 
Disjunctivee tasks) the rise in response time in older adults may be explained in part by a 
tendencyy to trade speed for accuracy. The U-shaped pattern was also obtained for the size of 
thee effect of S-R Compatibility on response time, although again for older adults the sizable 
effectt on response time was accompanied by only a small effect on accuracy, suggesting a 
rolee for speed-accuracy trade-off in this effect. In the Dimensional Shift task, the Age Group 
effectt on all four response time measures conformed to the general U-shaped pattern. 

Inn most cases, the incidence of errors was consistent with the patterns observed in speed 
off  responding, with the exceptions already mentioned above. The U-shaped pattern for Age 
Groupp effects also applied to the number of rule shifts and the number of perseverative errors 
(perr shift) in the Dimensional Shift task, but not to the total number of trials needed to learn 
andd apply the first dimensional discrimination rule. The latter finding diverges somewhat 
fromm the normative results for a similar measure derived from the WCST (Heaton et al., 
1993),, whereas the findings for the number of rule shifts and number of perseverative errors 
correspondd more closely to typical findings. On the basis of this pattern, we may speculate 
thatt children and older adults are not necessarily deficient in rule-induction capabilities, 
ass such deficiencies would have manifested themselves in the number of trials needed to 
inferr the initial discrimination rule. This inference is consistent with the conclusion derived 
byy another experiment in our laboratory where we used two different WCST-like tasks 
(onee of which was identical to the one employed here), and concluded that the tendency 
too persevere in no-longer-correct behavior resulted not from deficient rule-induction or 
performance-monitoringg abilities, but instead from deficient set-shifting abilities (i.e., the 
abilityy to implement appropriate task sets and suppress the no-longer relevant task set). 
Latent-variablee also analysis indicates that this set-shifting component is central to WCST 
performancee (Miyake et al., 2000). 

Too summarize the ANOVA outcomes, the speed of information processing in each task 
appearedd to conform generally to a U-shaped pattern in which children performed worse 
thann adolescents and older adults performed worse than young adults, whereas adolescents 
andd young adults did not differ much from each other. We have designed four of our 
taskss (the Incompatible, Disjunctive, Disjunctive Memory, and Dimensional Shift tasks) 
too involve executive functions, whereas the three other tasks (the Simple RT, Compatible, 
andd Gender tasks) were designed to call on executive functions to a lesser extent. If we 
comparee the averaged age trends in the speed of 'executive' tasks (756, 647, 603, and 1018 
mss in children, adolescents, young adults, and older adults, respectively) to the averaged 
agee trends in the speed of 'non-executive' tasks (493, 433, 409, and 503 ms, respectively), 
thenn the effects of old age appear to be substantially more pronounced in the 'executive' 
comparedd to 'non-executive' tasks. This impression is illustrated by Figure 2.4, which plots 



-44-- 2.. The Efficiency Of Cognitive Processing Across The Life Span 

ra ra 

-xx - Children 
-+--- Adolescent 
-e—— Senior 

+ + 

II  I  I  I  I  I  1 

Simplee Compatible Gender Incompatible Disjunctive Disj. Memory Dim Shift 

Tasks s 

Figuree 2.4: Brinley Ratios: The ratio of the mean response latency of each age-group divided by the 
responseresponse latency of the young adults. 

perr task the response latency of each Age Group proportional to the response latency of 
youngg adults in that task. The validity of this inference was tested using Brinley analysis 
andd MANCOVA. 

2.3.33 Brinle y Analysi s 

Thee mean response times for correct trials on each task were submitted to Brinley analysis (a 
formm of linear regression using a bivariate weighted least squares method) for each of the age 
groupss (separately for children versus young adults, adolescents versus young adults, and 
olderr versus young adults). The offset and slope of the Brinley function were respectively 
322 (ns) and 1.18 for the children, 15 (ns) and 1.04 for adolescents and -310 and 2.14 for 
thee senior group. The linear fit  of the Brinley plots was excellent for children (/?2=.98, 
F(l,5)=391,p<.001),, adolescents (R2=.99, F(l,5)=696,p<.001), and older adults (R2=.95, 
F(( 1,5)= 100, p<.001), indicating that a general speed factor accounts for most of the age-
relatedd variance in each of the tasks. This conclusion is at odds with the pattern of ANOVA 
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Tablee 2.10: Residual Group effects on executive functioning after partialing out the covariance 
withwith generic "speed"response speed. l-incompatible task, D= Disjunctive task, 
DM=DisjunctiveDM=Disjunctive Memory task, DS=Dimensional Shift task. 

I I 
D D 
DM M 
DS S 

Childrenn vs. Adults 
F(l,38)=.050,p=.824 4 
F(l,38)=.144,p=.707 7 
F(l,38)=.006,p=.940 0 
F(l,38)=.122,/>=.729 9 

Adolescentt vs. Adults 
F(( 1,33)= 095, p=.760 
F(( 1,33)=. 154, p=.697 
F(l,33)=.037,p=.848 8 
F(l,33)=.085,/?=.772 2 

Seniorss vs. Adults 
F(l,35)=5.182,p=.029 9 
F(l,35)=9.399,p=.004 4 
F(l,35)=7.759,p=.009 9 
F(l,35)=20.66,p<.001 1 

outcomes,, which suggested that the effects of age were substantially more pronounced in 
thee 'executive' compared to 'non-executive' tasks. A more direct test of the amount of age-
relatedd variance in executive functioning after the contribution of a general speed factor is 
partialledd out is provided by the results of covariance analysis. 

2.3.44 Analysi s of Covarianc e 

Thee mean response times for correct trials on each task (as displayed in Figure 2.1) were 
submittedd to MANCOVA, to assess whether the independent (between-subjects) variable 
Agee Group exerts significant effects on response latency in the executive function tasks after 
thee age effects on non-executive tasks are partialled out. Mean response times from the 
Incompatible,, Disjunctive, Disjunctive Memory, and Dimensional Shift tasks (thought to 
involvee executive functions) were entered as dependent variables whereas mean response 
timess from the Simple RT, Compatible, and Gender tasks (thought to involve executive 
functionss to a lesser extent) were entered as covariates. MANCOVA results are shown in 
Tablee 2.10. 

AA significant effect of Age Group was obtained for each of the dependent variables. 
Thiss result indicates that when the global age-related variance resulting from age changes 
inn global processing speed is partialled out, Age Group still explains a significant amount of 
variancee in the speed of executive function measures. Contrast analyses revealed that older 
adultss were significantly slower on each of the executive function tasks (after partialing out 
non-executivee processing speed), whereas children, adolescents, and young adults did not 
differr from each other. 
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Tablee 2.11: Percentage of variance explained by the common factors. Acronyms are used for tasks: 
S=SimpleS=Simple Reaction Time task, C=Compatible task, I incompatible task, G-Gender task, 
D=DisjunctiveD=Disjunctive task, DM=Disjunctive Memory task, DS=Dimensional Shift task 

children n 
adolescent t 
adults s 
olderr adult 

S S 
74% % 
56% % 
53% % 
57% % 

C C 
74% % 
99% % 
94% % 
63% % 

G G 
36% % 
38% % 
53% % 
48% % 

I I 
50% % 
78% % 
87% % 
33% % 

D D 
61% % 
85% % 
96% % 
72% % 

DM M 
60% % 
71% % 
64% % 
53% % 

DS S 
51% % 
47% % 
40% % 
15% % 

Tablee 2.12: Maximum Likelihood estimates of difference in common factor mean (standard errors in 
parentheses). parentheses). 

Genericc Speed 
Executivee Function 

a l* * 
estt se 

1.299 (0.35) 
0.111 (0.72) 

a2* * 
estt se 

0.444 (0.34) 
-0.355 (0.62) 

a4* * 
estt se 

1.411 (0.37) 
6.888 (2.84) 

2.3.55 Structura l Equation s Modellin g 

Wee fit the model as presented above using LISREL 8.30 (Jöreskog and Sörbom, 1993) using 
normall  theory maximum likelihood estimation. As computation problems may arise when 
thee variances of the variables differ greatly (as is the case here) we opted for the following 
procedure.. We rescaled the tests so that the variances were all about 1.0. Rescaling the 
variabless does not alter the groups differences in any meaningful way. The %2 goodness of 
fitfit  for the full model equaled X2(88) = 100.58,p = .17. This shows that the model provided 
ann adequate description of the data. The adequacy of fit  was also apparent in the standardized 
residualss (i.e. the differences between the observed means and covariance matrices and the 
expectedd (model) means and covariance matrices, see Figure 2.5). In this figure both the 
observedd means and the expected means are shown. The variances of the 7 tasks explained 
byy the two common factors are shown in Table 2.11. 

Thee maximum likelihood estimates and standard errors of the parameters in the vectors 
all  *, a2*  and a4*  are show in table 2.12. These parameters represent differences in common 
factorr means relative to the adult group. Judging by the standard errors of the estimates, we 
findd that the children differ from the adult only with respect to the SP factor. The difference 
inn mean of the EF factor is not significant. The adolescents do not differ from the adults 
onn any of the dependent measures. We refit the model with these two groups pooled to 
testt this hypothesis. The JC2(97) goodness of fit now equals 110.06, p=Al, showing that 
poolingg the two groups does not alter the fit  of the model. The main test for our model is 
thee test whether a model without an executive factor would describe the data significantly 
worse.. Fixing the mean difference in the EF factor to zero, we found an %2(9\) is 139.17, 
/7=.00087,, showing that the mean differences in latent 'executive' factor are important in our 
model.. Our conclusion from these data is that children differ from adults only on the SP 
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factor,, adolescents do not differ from adults on any of the latent factors, and older adults 
differr from young adults on both the SP and the EF latent factors. This pattern is apparent 
inn Figure 2.6. 

AA post hoc comparison of the full model with a model where an executive factor was 
postulatedd only for the older adults revealed a %2 of 100.08, p=.22. This confirms our 
observationn that only older adults show a significant effect of the latent executive function 
factorr on response speed. 

Figuree 2.5 displays plots of the observed and fitting mean vectors in the three groups. 
Figuree 2.6 provides plots of the decomposition of means relative to the adult group. Here 
wee consider the contribution of each of the common factors to the mean differences. For 
instance,, the mean difference on test 4 is decomposed into a part that is due to the EF 
factorr (X41 SPj) and a part that is due to the SP factor (X42 EFj) - see Equation 2.1. The 
plotss indicate that the older adults and children differ from the adults with respect to the 
speedd factor in the about same way. The EF factor contributes very littl e to the child-adult 
differencess in means (not significant). The EF factor does contribute considerably to the 
responsee latency for seniors. 

Too summarize the SEM results, the EF factor was necessary only to account for older 
adults'ss response latency data of the executive-function tasks. In all other cases, the SP factor 
wass sufficient to explain the age-related variance. Thus, developmental changes in the speed 
off  processing in those tasks that rely on cognitive control could be adequately accounted 
forr by the general speed factor. In contrast, the effects of aging on processing speed in 
executive-functionn tasks cannot be accounted for by global slowing alone; additional factors 
(compressedd into a single EF factor) contribute independent age-related variance. 

2.44 General Discussio n 

Twoo different theoretical frameworks, the global speed hypothesis and the specific loss 
hypothesis,, have driven a great deal of the research efforts in the areas of cognitive de-
velopmentt and aging over recent years. Few attempts have been made to evaluate explicitly 
thee discriminative and predictive power of the global speed and specific loss hypotheses 
againstt each other, or to evaluate the extent to which the two hypotheses complement each 
other.. The main objective of the present study was to fill  this hiatus by conducting a life-
spann developmental study, using a series of tasks that vary in executive control demands. 
Inn order to minimize sources of age-related variance that originate in differences in general 
taskk and stimulus characteristics, all tasks were speeded response tasks sharing the same 
taskk format and stimulus materials. Parametric variations of the basic task yielded a battery 
off  tasks that varied response selection, response inhibition, working memory, and adaptive 
controll  demands, while in other tasks these executive control demands were reduced or 
absent.. Analysis of covariance was aimed at identifying whether age-related changes in the 
efficiencyy of executive control can or cannot be explained in terms of a global speed factor; 
structurall  equations modelling was used to evaluate a model that included both global speed 
andd executive control as latent factors underlying age changes in cognitive task performance 
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Figuree 2.5: Observed and modelled rescaled response latencies: Lines represent the observed data, 
markersmarkers the modelled means. Dash-dotted lines and 'x' markers represent children, 
dasheddashed lines and '+'  markers represent adolescents, dotted lines and '* ' markers rep-
resentresent adults, solid lines and 'o' markers represent seniors. 

againstt a model that included only the global speed factor. 

2.4.11 Evaluatio n of Result s 

Conventiona ll  Analyse s 

Thee ANOVA suggested that, in general, performance on each task improved between 
childhoodd and adolescence and deteriorated between young adulthood and senescence, 
whilee performance was comparable for adolescents and young adults. The age-related 
differencess appeared to be considerably more outspoken for the Incompatible, Disjunctive, 
Disjunctivee Memory, and Dimensional Shift tasks (entailing executive control demands) 
comparedd to the Simple RT, Compatible, and Gender tasks (designed to involve executive 
functionss to a lesser extent). The Brinley analyses, however, provided adequate fits for each 
off  the age groups, indicating that a general speed factor explained most of the age-related 



2.4.. General Discussion -49--

2 2 
CD D 

O O 
O O 

Children n 
-+-  Adolescent -
-e—— Senior 

SPP Factor 
EFF Factor 

f.f. T-. r-.*-. r . rt: 

ii  1 i i i i i 

Simplee Compatible Gender Incompatible Disjunctive Disj. Memory Dim. Shirt 

Tasks s 

Figuree 2.6: Dashed lines through '*'  to the Child-Adult comparison, dashed lines through '+' 
toto the Adolescent-Adult comparison and solid lines through 'o' to the Senior-Adult 
comparison.comparison. The thin lines represent the contribution of the latent 'speed' factor to the 
meanmean differences, the thicker lines represent the contributions of the latent 'executive' 
function. function. 

variancee in each of the tasks, thus dismissing the need to invoke a separate executive control 
factor. . 

Thus,, while ANOVA (suggesting greater age effects on executive control tasks) fails 
too take global age changes in information-processing speed into account, Brinley analysis 
(suggestingg indiscriminate age-related changes) neglects differential age effects altogether. 
Manyy researchers have questioned the validity of Brinley analysis in assessing process-
specificc age-related trends (e.g., Bashore and Smulders, 1995; Fisher and Glaser, 1996; 
Perfect,, 1994; Ratcliff et al., 2000), suggesting that it may lead to premature acceptance 
off  global models of cognitive changes in processing speed with age. In particular, Ratcliff 
ett al. (2000) argued that the slope of Brinley functions is sensitive to the relative spread of 
reactionn time distributions rather than to the mean, and demonstrated (through simulation 
studies)) that Brinley analysis is insensitive to over-additive process-specific age effects on 
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processingg speed. Thus, rather than relying on techniques that are not optimally suited 
too determine the contribution of global processing speed (ANOVA) or executive control 
functionn (Brinley analysis) to age-related changes in the efficiency of cognitive processing, 
wee turned to other statistical techniques. 

Analysi ss  of Covarianc e 

Too provide an unbiased assessment of the extent to which age exerts an independent 
influencee on the efficiency of executive control after the age-related covariance with global 
processingg speed is partialled out, mean response times for each executive function task were 
submittedd to MANCOVA with mean response times on each non-executive task entered 
ass covariates. These analyses revealed a mixed pattern of results. For the child group, 
partialingg out global speed served to remove the differences with adolescents in each of the 
executivee function tasks, suggesting that global processing speed was the primary factor 
underlyingg developmental changes in the efficiency of information processing, regardless of 
thee involvement of executive control functions. In contrast, for the older adults, substantial 
residuall  differences with young adults remained in each of the executive function tasks after 
controllingg for global processing speed. Thus, executive control comprises a fundamental 
factorr underlying the effects of aging on the efficiency of cognitive processing, independent 
off  aging effects on global processing speed. 

Thee striking discrepancy between the results at the opposite ends of the life span attests 
too the sensitivity of the covariance analysis to both the global speed and executive control 
factors.. Insensitivity of the method to any of these factors would have resulted in patterns of 
resultss going in similar directions for development and aging, which is clearly contradicted 
byy the present outcome. Thus, when assessing age-related changes in the speed of cognitive 
processes,, the present MANCOVA approach should be preferred over the more conventional 
ANOVAA or Brinley regression techniques. 

Beforee interpreting the validity of the global speed and specific loss hypotheses, and the 
differentiall  age effects observed in MANCOVA, we first turn to the results of the SEM tests 
off  the explicit model. 

Structura ll  Equation s Modellin g 

Thee model presented in Figure 2.2 provided a reasonably adequate description of the 
responsee latency data from each age group. Adolescents and young adults differed neither in 
thee SP factor nor in the EF factor; by the age of 15, the efficiency of information processing 
hass approached that of young adults, regardless of the type of task included in this study. 
Childrenn differed from adolescents, but only in the SP factor; blocking out the EF factor 
fromm the model did not result in a poorer model fit. According to the parsimony principle, if 
twoo models provide an equal goodness of fit, the one that has fewer free parameters should 
bee preferred. Thus, for the child group, the model without the EF factor should be preferred 
overr the extended model. In accordance with the MANCOVA results, this outcome suggests 
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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;; blocking out the EF factor from the model resulted in a considerable deterioration 
off  the model fit. Again consistent with the MANCOVA results, this outcome suggests that 
bothh global processing speed and executive control are important and independent factors 
contributingg to the effects of aging on the efficiency of cognitive processing. 

Inn addressing age changes in information-processing speed, the SEM approach not only 
sharess the advantages described above for the MANCOVA approach, but also makes use 
off  the full covariance structure to afford a statistical evaluation of the goodness of fit. Most 
importantly,, it enables us to formulate an explicit model we can test against alternatives with 
aa different factor structure. 

2.55 Differentia l Pattern s of Developmen t and Agin g 

Thee results of the covariance analyses and of structural equations modelling indicated that 
thee speed of information processing in older adults was slowed (beyond global slowing) 
onn tasks that placed serious demands on response selection, response suppression, working 
memory,, and adaptive control. These findings are consistent with the literature on neurocog-
nitivee change, which suggests that tasks that involve executive control are more sensitive to 
thee effects of aging than tasks that can be performed without invoking executive control 
mechanismss extensively (for reviews see, e.g., van der Molen and Ridderinkhof, 1998a; 
West,, 1996). This literature also suggests that executive control tasks are especially sensitive 
too the effects of age during childhood development. However, the SEM and MANCOVA 
resultss indicated that the developmental differences in information-processing speed in tasks 
involvingg response selection, response suppression, working memory, and adaptive control 
couldd be explained almost completely by the global speed factor. 

Thiss differential pattern of age effects is difficult to explain, either from the global speed 
perspectivee or from the neurocognitive change perspective. If global speed can explain 
agee changes in cognitive control task performance in children, there is no good reason (a 
prioripriori  or a posteriori) to expect that it can not explain such age changes in older adults. 
Likewise,, if frontal-lobe changes during senescence can predict the effects of aging on 
cognitivee control task performance, then similar developmental patters should accompany 
thee apparently similar frontal-lobe changes during childhood. 

AA possibility to be considered is that the age-related changes in the structure and function 
off  frontal brain areas during childhood and later adulthood are not as symmetrical as 
previouslyy supposed. In fact, the processes of growth and deterioration are qualitatively 
differentt in many respects (see review in van der Molen and Ridderinkhof, 1998a), and 
doo not necessarily involve the same structures or substructures (Casey et al., 2000; Raz, 
2000).. Yet, the literature by and large suggests that children and older adults are subject to 
similarr performance deficiencies on cognitive tasks that involve executive control functions, 
includingg the response selection, response suppression, working memory, and adaptive 



-52-- 2.. The Efficiency Of Cognitive Processing Across The Life Span 

controll  functions tapped in the present study. 

Onn a more structural level, the data can also be interpreted in the context of development 
off  basic cognitive functions. The response latencies of young children are indifferentially 
slowerr in both simple and complex tasks, whereas older adults show a differential pattern of 
slowingg between task-types. This pattern would be expected if the executive tasks (which 
aree experimental derivatives of clinical tasks) do not engage structures that are sensitive to 
development.. This hypothesis is not likely, given the differential pattern found in the older 
population.. However, this pattern would also be observed if in children simple response 
taskss also rely on these (prefrontal) structures. A possible explanation for the observed 
patternn of development can therefore also be involvement of executive, prefrontal structures 
inn simple response type tasks, leading to an indistinguishable slowing in all tasks. 

Anotherr possibility to be considered pertains to performance strategies. Although in 
ourr sample of children the effects of task difficulty on response latency were generally 
matchedd by effects on accuracy, the latter effects were conspicuously large when compared 
withh the corresponding effects for older adults. Thus, although children obviously did 
nott trade accuracy for speed to the extent that they became faster in more difficult task 
conditions,, their speed/accuracy balance may have differed in more subtle ways from that 
inn older subjects. In particular, they may have favored accuracy over speed (rather than 
tradee accuracy for speed), such that effects of task difficulty were expressed in accuracy 
relativelyy more than in speed. Thus, task difficulty effects would be visible in response 
speed,, but only marginally so; they would be most pronounced in accuracy. Such subtle 
balancee differences would have the strongest effects (in absolute terms) in conditions that 
weree most challenging to the children, that is, in the task conditions that called for executive 
control.. As a result, developmental changes in executive control function might not exceed 
thee global-speed effects for reasons of differential speed/accuracy balance (note that we do 
nott mean to imply intentional effects; speed/accuracy balance differences may be either 
intentionall  or unintentional). If in older adults, in contrast, effects of task difficulty were 
expressedd equally in speed and accuracy, or in speed relatively more than in accuracy, then 
thee effects of aging on executive control function would exceed the global-speed effects. 

Thee Global Speed and Specific Loss Frameworks • Both the global speed hypothesis 
andd the specific loss hypothesis have 1) been able to explain a wide spectrum of data; 
2)) offered a new and/or richer understanding of these phenomena; and 3) generated new 
(empiricallyy verifiable) hypotheses concerning the underlying mechanisms. The consid-
erablee merits of these theoretical frameworks notwithstanding, however, recent reports 
havee consistently diminished the fruitfulness and devalued the general parsimony of both 
frameworks. . 

Thee global-speed hypothesis has received overwhelming support by the outcomes of 
empiricall  and meta-analytical studies, but the present study has made out a case adding to 
thee increasing evidence for process-specific age-related differences on top of the global trend 
(Bashoree and Smulders, 1995; Kramer et al., 1999, 1994; Kray and Lindenberger, 2000; 
Mayr,, 2001; Ridderinkhof et al., 1999; Ridderinkhof and van der Molen, 1997; van Asselen 
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andd Ridderinkhof, 2000). Although some findings emphasize the role of global processing 
speedd in age changes in cognitive control tasks (e.g., Salthouse et al., 1998a), there is now 
sufficientt evidence against a singular global-speed model of age-related changes. As has 
beenn demonstrated in the present study, the global speed hypothesis is faced with findings 
thatt are difficult to incorporate or account for without making further assumptions, and in 
itss present form it does not readily offer hypotheses to gain a deeper understanding of these 
discrepantt findings. 

Thee frontal-lobe hypothesis is also beginning to lose some of its attractiveness, since 
evidencee is surfacing that the frontal lobes are not universally affected by age; substantial 
differentiationn has been reported (especially in the aging brain) with some areas even within 
prefrontall  cortex being relatively spared (cf. Raz, 2000; Uylings and de Brabander, in press). 
Likewise,, executive control functions appear to be differentially sensitive to age. Not only do 
developmentall  outcomes appear to depend on differences in terms of tasks or task formats 
(cf.. Kok, 2000; Kramer et al., 1994; Ridderinkhof et al., in press; van der Molen et al., 
2000),, but also on differences in the specific demands on executive control functions (cf. 
Krayy and Lindenberger, 2000; Ridderinkhof et al., in press). In addition, the present study 
indicatess that, where the frontal-lobe hypothesis predicted similar outcomes for cognitive 
developmentt and aging, differential patterns emerged. All in all, the universal frontal-lobe 
hypothesis,, although able to account for many findings, is now faced with new discrepant 
findings.findings. As a result, the frontal-lobe hypothesis fails to provide an integral account for some 
off  the relevant phenomena, and thus faces difficulties in generating hypotheses concerning 
thee mechanisms underlying these intricate age-related changes. 

Thus,, it is time to augment the original versions of the global-speed and neurocognitive-
changee approaches, and focus more on the extent to which different cognitive control 
functionss are differentially sensitive to age effects, and identify the factors that influence 
thesee patterns (cf. Ridderinkhof and van der Stelt (2000), who concluded from a review 
off  the psychophysiological literature on age changes in attention and selection that most 
attentionall  functions are in essence available even to young children, but that these functions 
aree deficient in young children as a function of task demands, stimulus characteristics, and 
other).. While global speed will continue to account for large proportions of age-related 
variancee in our data, we will at the same time have to look further at process-specific changes 
inn cognitive functions, and their relations to brain change. For instance, in a recent study we 
decomposedd the factors underlying perseverative behavior in WCST-like tasks and observed 
thatt the effects of aging were manifest on set-shifting abilities but not rule-induction or 
performancee monitoring abilities (Ridderinkhof et al., in press). Modern neuroimaging 
techniquess can be used to help refine the picture of age-related changes, and of the brain 
areass involved. 



-54-- 2. The Efficiency Of Cognitive Processing Across The Life Span 


