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THEE SPEED OF SET SHIFTING ACROSS THE ADULT 
LIFEE SPAN REVEALED BY REGRESSION MODELLING 

Thee rrtain objective of this study is to establish the existence of differential patterns in 
thee speed of processing during tasks requiring set shifting processes. To reach this 
objectivee ws üied a three-tasks set shifting paradigm. We compared the response 
latenciess inthèfshift blocks with the response latencies in pure blocks using regression 
modelling.modelling. This made it possible to identify aspects of age-related changes in the 
speedd of information processing during adult life-span that are attributable to this 
shiftingg component. 
Regressionn analysis (see Cerella and Hale, 1994) revealed that pure block response 
latenciess are best described by a linear function and response latencies in a task-
shiftt setting are best described by a (nonlinear) exponential function. The results 
aree discussed in the context of generalized and process-specific theories of cognitive 
aging. . 

Too date, several studies have revealed that compared to young adults, older adults are less 
capablee of holding several task sets available in working memory and of shifting flexibly 
betweenn these task sets when so prompted by environmental cues. The requirement to 
maintainn and coordinate multiple task sets as compared to a single task set invokes a time 
penaltyy in the execution of these task set, as expressed in so-called mixing costs in reaction 
timee (RT). Within the context of multiple task sets, the requirement to shift between two 
differentt task sets as compared a repetition of the same task set also invokes time costs, as 
expressedd in so-called shift costs in RT. Several studies have identified age-related increases 
inn mixing costs, shift costs, or both. The present study contributes to this literature by 
focusingg on gradual age-related changes rather than on group differences, thus allowing to 
capturee the continuous trajectory of age changes in both mixing costs and shift costs. The 
regression-analyticall  approach that is appropriate for examining such continuous changes 
allowss us to assess not only quantitative differences between the age trends associated with 
single-sett task-repetitions, multiple-set task repetitions, and multiple-set task alternations 
(ass expressed in parameter values of the regression models), but also qualitative differences 
(ass expressed in the nature of the best fitting regression model). These combined merits 
yieldd inferences that could not be derived from an ANOVA-based approach only. 
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4.11 Introductio n 

Inn the mid-nineties, Cerella and Hale (1994) published an extensive review of the literature 
onn the nature of age-related changes in processing speed. They reviewed a large body of 
developmentall  and aging literature, concluding that age-related slowing is mediated by a 
uniform,, global mechanism. For tasks such as same-different decisions, two or four choice 
reactions,, multiplication, mental rotation, word recognition, and visual search, the results 
aree the same: a progressive decrease in the speed of responding. As the subject ages, 
alll  processes are executed more slowly. The suggestion that age-related changes in the 
speedd of information processing are mediated by a single, global mechanism receives strong 
supportt from meta-analytic studies (e.g., Cerella et al., 1980; Hale et al., 1987; LaVoie 
andd Light, 1994; Verhaeghen and de Meersman, 1998; Verhaeghen and Salthouse, 1997). 
Cerellaa and Hale (1994) describe the age-trend by a two-variable function that combines the 
multiplicativee effect of process-duration and exponential effects of age. Most interesting, it 
seemss that this function is similar for a wide variety of speeded response tasks. 

Thee notion of such a global mechanism has been criticized on many counts, ranging 
fromm methodological issues to demonstrations of differential age changes (e.g., Cerella, 
1991;; Fisk and Fisher, 1994; Fisk et al., 1992; Fisk and Rogers, 1991. For a review see 
Bashoree and Smulders, 1995). The regression-analytic procedures, commonly used in the 
meta-analyticc literature, may conceal task-dependent and process-specific age changes in 
processingg speed that can be revealed using ANOVA techniques (for an example see van 
derr Molen and Ridderinkhof, 1998b). Simulation studies have shown that models invoked 
too explain age-related changes in processing speed may not be able to distinguish between 
globall  and local effects on the reaction process (Molenaar and van der Molen, 1994). In this 
articlee we adopt a regression approach to quantify the course of age-related slowing on task 
thatt draw upon different aspects of cognition. 

AA growing number of cognitive aging researchers expressed an interest in the neural 
underpinningss of age-related changes in cognitive functions (see, e.g., Raz, 2000; van der 
Molenn and Ridderinkhof, 1998b). Several researchers (e.g., Ardila and Rosselli, 1989; 
Dempster,, 1992; Dempster and Brainerd, 1995; West, 1996; Whelihan and Lesher, 1985) 
proposedd that age related changes in cognitive function should be examined in relation 
too age-related changes in brain structure and function. A typical conclusion drawn by 
thesee researchers is thatt the frontal (specifically prefrontal, or dorsolateral prefrontal) brain 
structuress and the cognitive functions that rely on these parts of the brain are most susceptible 
too effects of aging. This conclusion generated a series of studies, generally concluding 
thatt frontally-supported executive control functions are more sensitive to age-related speed 
changess than functions supported by other parts of the brain (e.g., Dempster, 1992; Dempster 
andd Brainerd, 1995; West, 1996). 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., Band et al., in press; Raz, 2000; Uylings and de Brabander, in press). 

Age-relatedd slowing has been reported to be manifest in inhibitory control (for review 
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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 shifting (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). The focus of the present study is 
onn age-related changes in speeded performance in adaptive-control tasks, in particular tasks 
thatt involve set-shifting. 

4.1.11 Task-Set shiftin g 

Usingg confirmatory factor analysis Miyake et al. (2000) established the separability of the 
executivee functions 'mental set shifting', 'inhibition of prepotent responses' and 'infor-
mationn updating' in several frontal lobe tasks, including the Wisconsin Card Sorting Test 
(WCST),, random number generation and the 'Tower of Hanoi'. The WCST requires set-
shiftingg from one perceptual dimension to another. Omori et al. (1999) observed activation 
patternss in the prefrontal cortex during a set shifting task that were similar to thosee observed 
duringg the performancee of the WCST. They concluded that the dorsolateral prefrontal cortex 
includingg the middle and inferior frontal gyri are involved in attentional set-shifting of both 
perceptuall  and non-perceptual characteristics. 

Successfull  interaction with the environment requires the ability to form appropriate sets 
off  constraints to guide perception-action coupling, and the ability to adapt these sets rapidly 
inn response to changing environmental demands. A growing literature documents that these 
time-consumingg control processes are affected by advancing age. Efficient performance 
requiress that some components of the task set (associated with the preceding task) be 
abandonedd and replaced by others (associated with the subsequent task). As was noted in 
thee early days of psychology (Jersild, 1927), adaptive control involved in establishing a shift 
inn task-set is a time-consuming process. More recently, cognitive psychologists have begun 
too express a renewed interest in the adaptive control processes involved in shifting between 
taskss (e.g., Rogers and Monsell, 1995). The typical finding is that when two different tasks 
aree mixed within blocks and on each trial an explicit or implicit task cue informs the subject 
aboutt the up-coming task, response times are slower on task-alternation trials compared 
too task-repetition trials. This decline in performance is believed to reflect the operation 
off  cognitive control via the selection of task sets (Rogers and Monsell, 1995) and entails 
twoo components: mixing costs and shift costs. The former refer to the performance loss 
associatedd with performing a task within the context of a shift task, the latter refer to the 
timee needed to actually shift between relevant task-sets. 

Processs models of task-set shifting are only beginning to emerge (e.g., Meiran et al., 
2000).. According to Meiran et al., set shifting entails three component processes: the 
passivee dissipation of the previously relevant task set, the active preparation required for 
thee selection of a new task set and a residual, stimulus triggered cost that is neither affected 
byy set dissipation, nor by set preparation. Meiran et al. suggest that age-related differences 
inn shifting costs result primarily from slower dissipation of the previously relevant task set. 
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4.1.22 Agin g and shif t cost s 

Taskk shifting has been studied extensively in the aging population. Large age-related 
differencess have been found in situations where on-line selection among competing sets 
iss required (e.g., Mayr et al., 1996). However, these age-related differences disappear when 
(complex)) processing takes place without the help of reliable mental sets (e.g., Mayr and 
Kliegl,, 2000; Verhaeghen et al., 1997). The general finding that the adverse effects of the 
requirementt to shift between tasks increase with age, combined with the evidence from 
neurocognitivee studies that aging affects specifically those brain areas that are involved 
inn cognitive control processes, has inspired a number of new studies of the effects of age 
onn shift costs (e.g., Duncan et al., 1996; Hartley et al., 1990; Kramer et al., 1999; Kray 
andd Lindenberger, 2000; Mayr and Kliegl, 2000; Salthouse et al., 1998a; van Asselen 
andd Ridderinkhof, 2000). All studies replicate the basic finding (Botwinick et al., 1958b; 
Brinley,, 1965) that shift costs increase with age. Given that the brain structures involved 
inn adaptive control processes are especially sensitive to the effects of aging, we may ask 
whetherr shift-cost patterns for different set-shifting components differ between young and 
olderr adults. 

4.1.33 The presen t stud y 

Thee major purpose of the present study is to describe, within the regression-framework 
ass proposed by Cerella and Hale (1994), the age-related performance deficits observed in 
speededd tasks that involve set-shifting abilities, and to investigate whether and how these 
deficitss are different from cognitive slowing in similar tasks that do not involve set shifting. 
Thiss goal is accomplished by administering shift tasks as well as pure tasks to subjects who 
differr in age (distributed across the adult life span), and evaluating the estimated parameter 
valuess and goodness of fit of different regression models that describe age-related changes in 
processingg speed in each of the task conditions. This regression-analytical approach allows 
uss to assess quantitative differences between the age trends associated with the different task 
conditionss (as expressed in parameter values of the regression models), as well as qualitative 
differencess (as expressed in the nature of the best fitting regression model). 

Inn a previous study (Ridderinkhof et al., in press), we focused on a specific aspect of 
executivee control, that is, the ability to adapt one's behavior in response to changes in 
environmentall  demands. This study showed that, while perseverative behavior in WCST-like 
taskss is affected not only by set-shifting abilities but also by rule-induction and performance-
monitoringg abilities, age-related deficits in perseverative behavior resulted primarily from 
basicc set-shifting abilities. The present study follows up on this previous study. 
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4.1.44 Regressio n approac h 

Age-relatedd changes in processing speed across the adult life span can be captured by several 
differentt regression models. The simplest model is the linear model, in the nomenclature of 
Cerellaa and Hale (1994) expressed as Eq. 4.1. 

RTRTee = [{d*age) + 1] * RTC (4.1) 

wheree RTe is the predicted response time on the task under observation, RTC is the mean 
responsee time of a control group (typically young adults), and d is the decay parameter 
indicatingg the slope of the regression function (reflecting the degree of age-related slowing) 

scaledd by the offset RTC. This function was used by Cepeda et al. (2001) to show that 
age-relatedd slowing was more pronounced for shift trials compared to repetition trials. 

Cerellaa and Hale (1994) argued that adult age-related changes in processing speed are 
betterr captured by the exponential decay function expressed in Eq. 4.2: 

RTRTee = [c*(éd* age 1) + 1]*^7T (4.2) 

wheree d is the decay parameter (reflecting the degree of age-related slowing), c is a 

magnitudee parameter (reflecting relative age effects), and RTe and RTC are the same as 
inn Eq. 4.1. For technical reasons, the decay component is corrected to be zero at age=0 

(byy subtracting 1). A second correction is performed to equate RTe to RTC when the decay 
componentt is close to zero (by adding 1). Cerella and Hale demonstrated that this generic 
exponentiall  function can be used to capture age-related changes in processing speed on a 
widee array of cognitive tasks. 

Inn the decay function in Eq. 4.2, both the decay parameter d and the magnitude 
parameterr c are expected to vary with task type. Ridderinkhof and van der Molen (1997), 
albeitt with children and, hence, exponential growth rather than decay functions, noted that 
thee magnitude and decay (or growth) parameters are highly correlated (r > .98). When 
inn a two-parameter function the parameters are highly correlated (r « 1) the model is not 
identifiable:: the parameters convey approximately the same information. For any value of 
onee of the parameters (within a sizeable interval) a value for the other parameter can be 
foundd that generates a similar function. This leads to extreme confidence intervals for the 
parameterr estimates (although a linear combination of the two parameters can be estimated 
moree reliably1). 

11 Let 8 = (c,d)T, the transposed vector containing the parameter estimates: The F-test for differences 
betweenn linear combinations of correlated parameter estimates is: 

rr (8, 62)S ' (8, 92) rr  — 

Wheree S is the covariance matrix of the parameters and q is the number of parameters in each model. With 
{q,{q, n p) degrees of freedom, where p is the total number of estimated parameters and n the total number of 
observations s 
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Therefore,, we compare the model described in Eq. 4.2 with a restricted model, with the 
magnitudee parameter fixed at the value 1. This model is expressed in Eq. 4.3. This constrain 
wass applied to arrive at meaningful confidence intervals for the parameter estimates. 

RTRTee = [<**"*<]  ï'RTÏ (4.3) 

wheree the parameter d is the same as in Eq 4.2. 

4.1.55 Prediction s 

Wee expect that parameter estimates of the lifespan function describing the mean response 
latenciess in the set shifting task (mixed blocks) will diverge from those estimated in simple 
reactionn time tasks (pure blocks). The nature of Eq. 4.2 leads to the prediction that the 
magnitudee parameter (c) and the rate parameter (d) will be highly correlated. Both the mag-
nitudee parameter (describing the relative age-effects) and the decay parameter (describing 
thee decay of performance across the life span) are expected to vary with task-type: age-
relatedd slowing is expected to be more pronounced in the task-shift setting as compared 
too the pure blocks. Moreover, we expect that the effects on parameters estimated in the 
meann responses on repetitive trials are less pronounced than the effects on the alternating 
responsess in the task-set shift task. This reflects the more pronounced age-related slowing 
onn shift costs when compared to mixing costs. 

4.22 Metho d 

4.2.11 Participant s 

422 subjects participated in the present study. The ages of the subjects were between 19 and 
84,, and are shown in the histogram in Figure 4.1. Two of the subjects were left-handed. 20 
weree female, 22 were male. All subjects were healthy and had normal or corrected-to-normal 
vision.. Subjects were screened for use of alertness-changing medication and subjective 
health-experience.. Mean Raven-percentile scores did not differ with age, suggesting that all 
subjectss were comparable in terms of intelligence: only three subjects (aged 19, 25 and 73) 
didd not perform within the 90th percentile of their age-group. 



4.2.. Method -83--

co o 
CD D 
c/) ) CO O 
O O 
B B 
L_ _ 

CD D 
.Q Q 

F F 
^ ^ 
Z Z 

o o 
CM M 

I D D 
1 1 

q q 
T — — 

LO O 
O O 

O O 

o o 

20 0 30 0 40 0 50 0 

Age e 

60 0 70 0 80 0 

Figuree 4.1: Ages of the subjects participating in the experiment. 

4.2.22 Stimulu s materia l and apparatu s 

Thee participants were seated in front of a computer monitor at a viewing distance of 40 cm. 
Stimuluss presentation and response registration were controlled by an IBM compatible 486 
computer.. Stimuli are shown in Figure 2.1. Stimuli varied in three dichotomous dimensions. 
Thesee dimensions were: man-woman, happy-sad and wearing glasses or not. All stimulus 
elementss were black line drawings presented against a white background. Stimuli were 
presentedd in a square of 3x3 cm in the middle of the computer screen. 

4.2.33 Tasks and procedur e 

AA fixation cross was presented before each trial for 500 ms at the middle of the presentation 
square.. Then the fixation cross disappeared and after an interval of 100, 500 or 1500 ms 
(selectedd at random) the stimulus was shown. The stimulus presentation was response 
terminated.. Subsequent to the subject's response, visual feedback was presented (after a 
delayy of 100, 500 or 1500 ms, selected at random). Feedback consisted of the presentation 
off  the words 'GOED' (correct) or 'FOUT' (incorrect) just below the presentation square. 
Onn each individual trial, one stimulus (selected randomly and equiprobable) appeared in the 
squaree in the middle of the screen. The stimulus elicited a response with one of two response 
keyss (the 'z' and 7' keys of the computer keyboard that were operated by the left and right 
indexx fingers, respectively). The subject's task was always to respond as fast and accurately 
ass possible with the designated response finger. The definition of a correct response on a 
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givenn trial depended on the specific instruction, which varied from task to task. This was 
explainedd in detail to the subject prior to each task. The next trial was started after exactly 
11 second. The instruction for all tasks was to respond as fast as possible, but not to make 
manyy errors. 

4.2.44 Pure Blocks : Choic e Reactio n Time Tasks (CRT-1, CRT-2 and CRT-3) 

Threee highly comparable tasks were administered. The difference between the tasks is 
thee stimulus dimension that was selected for discrimination. In the CRT-1 female faces 
designatedd left-hand responses; male faces designated right-hand responses. In the CRT-2 
laughingg faces designated left-hand responses; sad faces right hand responses. In the CRT-
33 faces with glasses designated left-hand responses; glassless faces right-hand responses. 
Eachh of these three CRT tasks was presented once in a block of 50 trials, preceded by a 
practicee block of 20 trials. 

4.2.55 Shif t Blocks : Choic e Reactio n Time/Tas k Shif t (CRT-TS) task 

Thee CRT-TS task is the implementation of a three-set task-shift paradigm. The three task 
setss used are the three choice reaction time tasks that were practiced in the beginning of 
eachh session. The subjects had to respond to each stimulus using the task-set that was cued 
beforee the stimulus appeared. The cue used consisted of two words: "Man-Vrouw" (man-
woman)) for the CRT-1 task, "Lachen-Niet" (laugh-not) for the CRT-2 task and "Bril-Geen" 
(glasses-none)) for the CRT-3 task. This cue was presented for 500 ms, and was followed 
byy an interval of 33, 166 or 500ms (selected at random) preceding the stimulus. On each 
triall  there was a 50% chance of a shift in rule-set. Therefore about 50% of the trials were 
precededd by trials of the same task-set, and 50% of the trials were preceded by trials of a 
differentt task-set. The CRT-TS task consisted of 150 trials. An additional 30 were included 
ass practice trials. 

Caree was taken to ensure that all subjects understood the instructions and were able to 
performm the task. Before the experimental session all the tasks were practiced. Feedback 
wass intended to motivate the subjects to perform as fast and accurately as possible. The four 
taskss were administered in random order, and were separated by short breaks of one to two 
minutes.. A four-minute break followed the second task. The time taken to complete one 
taskk block varied between 5 and 11 minutes, depending on the specific task. Total test time 
amountedd to about one hour, including time spent on breaks and a short intelligence test. 
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4.2.66 Data Analysi s 

4.2.77 Dependen t Measure s 

Meann RT on trials that were responded to correctly was the dependent measure in the fitting 
procedures.. One subject missed the CRT-1 task, and two subjects missed the CRT-3 task. All 
responsee times faster than 75 ms were discarded. No subject showed extreme error-scores, 
althoughh upon visual inspection older subjects tended to make more errors than younger 
subjects. . 

4.2.88 Regressio n Procedur e 

Wee fitted the linear, nonlinear, and restricted nonlinear regression models (expressed in 
equationss 4.1-4.3, respectively) to the observed RT data from the pure-repetition, mixed 
repetition,, and mixed alternation conditions, and compared the proportions of variance 
explainedd by each model. The intercept of the linear model was calculated from the control 
groupp data (young adults, aged 19-30, N=l 1) in a similar fashion as in the nonlinear model, 
byy inserting the mean response times of the young adults. 

Wee used the NLS library for the R statistical package (Ihaka and Gentleman, 1996), to 
obtainn the unweighted least squares estimates (Bates and Watts, 1988) of the two parameters 
inn the exponential curves as described in Eq. 4.2, and the single parameter in Eq. 4.3. 
Thee parameter estimate in the linear model, Eq. 4.1, was derived using unweighted linear 
leastt squares. NLS provided the parameter estimates and their standard deviation. To test 
differencess between task-types, we compared the parameter values using a t-test. 

4.33 Result s 

Figuree 4.2 shows the proportion of errors made by each subject for the three main categories: 
Puree blocks, repetitions and alternations. The number of errors made in the alternations in 
thee task-shift setting grows with age (slope= 0.0023, f = 4.245, p < .001). In the alternations 
aa trend is observed (slope= 0.0012,/ = 1.928,p = 0.06), whereas the proportion of errors 
inn the pure blocks is not age-related (slope< .00001,/ = 0.583, p = 0.562). This pattern 
compliess with the response time data reported on below, and therefore speed-accuracy trade-
offss cannot explain the behavioral data in general. 

Thee mean response latencies and the resulting linear and nonlinear fits are shown in 
Figuree 4.3. The proportion explained variance for each of the fits is shown in Table 4.1. 
Whenn evaluating this table, remember that R2 gives the squared linear correlation which can 
bee used for comparisons. 
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Figuree 4.2: Proportion of errors made, grouped by type: Pure=Pure blocks, Repetitions=Repetitions 
inin the task-shift setting, Alternations=Alternations in the task-shift setting. 

Tablee 4.1: Proportion explained variance (R2) for the linear, the unrestricted nonlinear and the 
restrictedrestricted nonlinear, in the control tasks (Pure) and the task-set shift task (Repetitions 
andand Alternations). 

Function n Pure e Repetitions s Alternations s 

Linear r 
Exponential l 
Restricted d 

.68 8 

.68 8 

.68 8 

.705 5 

.735 5 

.726 6 

.677 7 

.712 2 

.702 2 
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Figuree 4.3: Mean response latencies in the control tasks (Pure) and the task-set shift task (Repetitions 
andand Alternations). Continuous lines represent nonlinear function fits, dashed lines 
representrepresent linear fits. 

Tablee 4.2: ANOVA tables comparing the amount of explained variance of the linear, the unrestricted 
nonlinearnonlinear and the restricted nonlinear models. *p < .05 

Puree Blocks: 

Linear r 
Unrestricted d 
Restricted d 

Res.Df f 
122 2 
121 1 
122 2 

Res.. SS 
1086349 9 
1078025 5 
1078381 1 

ASS S 

8323 3 
-355 5 

F F 

.93 3 

.04 4 

Pr(>F) ) 

.34 4 

.84 4 
Shiftt Blocks: 
Task-sett shift Repetitions 

Linear r 
Unrestricted d 
Restricted d 

41 1 
40 0 
41 1 

Task-sett shift Alternations 
Linear r 
Unrestricted d 
Restricted d 

41 1 
40 0 
41 1 

1137289 9 
1024046 6 
1070377 7 

2216119 9 
1975508 8 
2073754 4 

113243 3 
-46331 1 

240611 1 
-98246 6 

4.423 3 
1.810 0 

4.872 2 
1.990 0 

.04* * 

.19 9 

.03* * 

.17 7 
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Tablee 4.3: AIC for the linear, the unrestricted nonlinear and the restricted nonlinear, in the control 
taskstasks (Pure) and the task-set shift task (Repetitions and Alternations). Lowest values in 
italics. italics. 

Function n 
Linear r 
Exponential l 
Restricted d 

Pure e 
1468.65 1468.65 
1468.71 1 
1468.75 5 

Repetitions s 
549.86 6 
545.46 545.46 
547.32 2 

Tablee 4.4: Parameter estimates in the linear model for each of the tasks, 
decay)decay) parameter, scaled by the offset RTC. 

Puree Blocks 
Repetitions s 
Alternations s 

Estimate e 
.0091 1 
.0140 0 
.0170 0 

Std.. Err 
.000561 1 
.00141 1 
.00183 3 

t-value e 
16.1 1 
9.91 1 
9.17 7 

Alternations s 
577.88 8 
573.05 573.05 
575.09 9 

TheThe estimate is the slope (or 

Pr(>> \t\) 
<.001 1 
<.001 1 
<.001 1 

4.3.11 Qualitativ e Differences : Model fit s 

Qualitativee differences between the age trends associated with pure tasks, mixed-task 
repetitions,, and mixed-task alternations were assessed by examining the nature of the best 
fittingg regression model. To determine the preferred regression function for each condition, 
severall  criteria are available. First, the parsimony principle holds that more parsimoniously 
parameterizedd models should be preferred if the proportion of variance explained by the 
modelss dos not differ significantly. This rule can be applied to the comparison of the 
unrestrictedd nonlinear model against both the restricted nonlinear model and the linear 
model.. Since the latter two models are equally parameterized (i.e., they both contain one free 
parameter),, their model fits cannott be compared using the parsimony principle. Technically, 
whenn models are equally parameterized, the best fitting model can be determined by 
examiningg the residual sums of squares, which are lower for the better fitting model. A final 
criterionn that may help decide on the preferred model is the Akaike information criterion 
(AIC).. Conclusions about preferable regression functions are strengthened if the different 
criteriaa converge. 

Thus,, we started by comparing the model fit  of each of the proposed life-span functions 
(Eqs.. 4.1-4.3) consecutively. The results, summarized in Table 4.2, show that in the pure-
taskk setting, the linear model was able to fit  the data equally well as the nonlinear models, 
andd the model fit  did not differ between the restricted and unrestricted nonlinear models. 
Inn the multiple-task setting the nonlinear model (Eq. 4.2) explained a greater proportion of 
variancee than did the linear model (Eq. 4.1), while the unrestricted nonlinear model (Eq. 
4.3)) did not fit  the data significantly better than did the restricted model (Eq. 4.2). 

Forr pure-task settings, according to the parsimony principle the linear and restricted 
nonlinearr models should be preferred over the unrestricted nonlinear model. Numerically, 
thee restricted nonlinear model does appear to explain more variance than the linear model 



4.3.. Results -89--

(Tablee 4.2), but a statistical test of this difference is lacking since direct sequential compar-
isonss between the linear and restricted nonlinear model are not allowed. According to the 
AICC (Table 4.3), the linear model should be preferred, although the difference is minimal. 

Forr mixed-task settings, the unrestricted nonlinear model captured the variance signif-
icantlyy better than the linear model, both for repetitions and alternations. Numerically, the 
unrestrictedd nonlinear model left less residual variance unexplained than the restricted non-
linearr model (Table 4.2), but this difference was not statistically significant. To determine 
whichh of the latter two models should be preferred, the additional criteria converge: For 
taskk repetitions and alternations, both the variance accounted for and the AIC would lead to 
acceptancee of the nonlinear model. In both cases, the nonlinear models explain significantly 
moree variance and produce lower AIC values than the linear model. 

Thus,, for mixed-task repetitions and alternations, all indices point to the nonlinear 
model.. The pure-task setting is ambiguous: the nonlinear model does not explain more 
variancee than does the linear model. However, the AIC shows a difference in favor of the 
linearr model. In describing data as provided by this study, the nonlinear models have the 
advantagee above the linear model in that they can locally become linear. Inspecting Figure 
4.3,, left panel, we can see that the restricted nonlinear model mimics the linear model in the 
rangee specified for the fit. Since the observed departures from the linear model are equivocal 
andd very small, we suggest that the most parsimonious interpretation of the present pattern of 
findingsfindings is in terms of the linear model. Thus, we conclude that qualitative differences exist 
inn the type of function that best describes the age trajectories for RTs in pure tasks, mixed-
taskk repetitions, and mixed-task alternations. We now turn to an evaluation of quantitative 
differencess between the parameters of the restricted nonlinear model for the different task 
conditions. . 

4.3.22 Quantitativ e Differences : Paramete r estimate s 

Quantitativee differences between the age trends associated with pure tasks, mixed-task 
repetitions,, and mixed-task alternations were assessed by examining the free parameter of 
thee restricted nonlinear regression model. The estimated parameter is the decay parameter d 
(reflectingg the degree of age-related slowing), scaled by the offset RTc. Parameter estimates 
aree presented in Table 4.5. 

Inn the task-set shift the nonlinear fit explains an additional 10% of the residual variance 
forr both the repetitive and the alternating trials. The linear combination of the magnitude 
(c)(c) and decay (d) parameters in the two-parameter nonlinear model in Eq. 4.2 shows the 
samee pattern as the parameter of the linear fit  in Eq. 4.1. Both the parameters of the fit  for 
thee repetitive trials as parameters of the fit for the alternations differ from the pure blocks 
(F(2,159)) = 3.63,/? < .05 and F(2,159) = 5.17,p < .05, respectively), but do not differ 
fromm each other (F(2,78) = 2.53,p > .05). When we analyze the differences in the decay 
parameterr 'd' (see Table 4.5) estimates obtained in the restricted model fit  between the pure 
andd shift blocks we find a significant difference for the repetitions (f (157) = 3.55,p < .001) 
andd for the alternations (f(157) = 4.76, p < .001). The difference between the repetitions 
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Tablee 4.5: Parameter estimates in i 
isis the rate parameter 'd 

Puree Blocks 
Repetitions s 
Alternations s 

Estimate e 
.0074 4 
.0107 7 
.0125 5 

hehe restricted nonlinear model for each 
,, scaled by the offset RTC. 

Std.. Err 

.00038 8 

.00079 9 

.00093 3 

t-value e 

19.55 5 
13.57 7 
13.35 5 

ofof the tasks.tasks. The estimate 

Pr(>> |f|) 
<.001 1 
<.001 1 
<.001 1 

andd alternations is again not significant. 
Thee estimated parameter values for the linear fit are mentioned in Table 4.4. As can be 

seenn here, all parameter values differ significantly from 0. This observation means nothing 
moree than the existence of age-related slowing in all tasks. Moreover, the decay parameter in 
thee linear fit for repetitive and alternating trials in the task-shift setting is significantly higher 
thann the parameter estimated in the pure blocks 0(157) = 3.24,p < .001, and f (157) = 
4.14,, p < .001, respectively). The slopes did not differ between repetitions and alternations 
(f(84)) = .176,p>.05). 

4.44 Discussio n 

Summarizing,, the main objective of this study was to establish the existence of differential 
patternss in the speed of processing for tasks that differ in the engagement of cognitive control 
processes,, in particular those adaptive control processes involved in rapid set shifting. The 
taskss we used were identical in most respects. The shifting component was present only in 
thee task-set shift task, making it possible to identify aspects of developmental changes on 
thee speed of information processing that result from this shifting component. 

Inn our analysis we used linear and exponential models to describe the age-related 
changess in the speed of information processing across the life span. These models were 
developedd to accommodate the observed changes in speed in our control tasks. The results 
demonstratee that choice reaction time tasks show a different pattern of age-related slowing 
whenn performed in pure blocks, then when the same tasks are performed in a task-set shift 
situation. . 

Thee global-speed hypothesis has received extensive support by empirical and meta-
analyticall  studies, but the present study has demonstrated the presence of process-specific 
age-relatedd differences in addition to the global trend (Bashore and Smulders, 1995; Kramer 
ett al., 1999, 1994; Ridderinkhof et al., 1999; Ridderinkhof and van der Molen, 1997; Span 
ett al., 2001a). Although some studies emphasize the role of global processing speed in 
agee changes in cognitive control tasks (e.g., Salthouse et al., 1998a), there is now sufficient 
evidencee against a singular global-speed model of age-related changes. As demonstrated in 
thee present study, the global speed hypothesis is faced with findings that are difficult to in-
corporatee or account for without making further assumptions. These findings are consistent 
withh the literature on neurocognitive change, which suggests that tasks that involve executive 
controll  are more sensitive to age-related changes in the speed and efficiency of the cognitive 
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functionss than tasks that can be performed without invoking executive control mechanisms 
extensivelyy (for reviews see, e.g., van der Molen and Ridderinkhof, 1998b; West, 1996). 

Thee ability to adapt to rapidly changing task requirements is one of the cognitive control 
functionss reported to decline with age as people grow older (e.g., Botwinick et al., 1958b; 
Cepedaa et al., 2001; Duncan et al., 1996; Hartley et al., 1990; Kramer et al., 1999; Kray 
andd Lindenberger, 2000; Mayr, 2001; Ridderinkhof et al., in press; Salthouse et al., 1998a; 
vann Asselen and Ridderinkhof, 2000). Given that task-set coordination and reconfiguration 
processess appear to involve specifically those structures in the brain (frontal cortex, more 
specificallyy dorsolateral prefrontal cortex; Dove et al., 2000; Meyer et al., 1998; Rogers 
ett al., 1998) that are known to deteriorate earliest and fastest during senescence (Raz, 2000; 
vann der Molen and Ridderinkhof, 1998b; West, 1996), it is not surprising that our study 
establishedd a distinction between age-related changes in these control abilities and in the 
moree elementary cognitive abilities that are involved in both the basic (pure) tasks and the 
set-shiftingg (mixed) tasks. 

4.4.11 Agin g and task shiftin g 

Twoo types of task-shift costs are manifest in the literature: mixing costs (the difference 
inn RT between pure and mixed blocks) and shift costs (the difference in RT between task 
alternationss and task repetitions within mixed blocks). In general, age-related changes in 
bothh mixing costs and shift costs are observed, although the former are sometimes found to 
bee more pronounced (cf. Kray and Lindenberger, 2000; Mayr, 2001). In the present study, 
mixingg costs were assessed by comparing the regression functions of the task-set repetition 
trialss in pure and mixed contexts. The parameters found for these regression lines differed 
significantly,, which is interpreted as evidence for significant age-related changes in mixing 
cost.. Shift costs were assessed by comparing the parameter estimates of task-set alternation 
trialss with those of task-set repetition trials within mixed blocks. Although the difference 
foundd was in the expected direction, it was not significant. This result was previously 
reportedd by e.g., Kray and Lindenberger (2000) but only in the absence of external cues. 
Ourr result don't imply equality of specific shift cost between age-groups. 

AA main finding of this study is the dissociation of the type of function that best describes 
thee age-related changes in response speed in pure blocks and in a task-shift setting. Whereas 
thee pure blocks are best described using a simple linear function, both the repetitive trials and 
thee alternating trials in the task-shift setting are better described by an exponential function. 
Thee limited set of tasks and the limited number of subjects used in the present study does 
nott allow direct generalization to other task domains. Nonetheless, the present regression-
analyticall  approach contributes to the existing literature by demonstrating that age trends 
inn the efficiency of adaptive control abilities become progressively more pronounced at the 
moree extreme part of the adult life span, providing a significant nuance that is not revealed 
whenn the more conventional group-based ANOVA design is used. 
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