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Abstract Cognitive control processes involved in human

multitasking arise, mature, and decline across age. This

study investigated how age modulates cognitive control at

two different levels: the level of task intentions and the

level of the implementation of intentions into the corre-

sponding actions. We were particularly interested in

specifying maturation of voluntary task choice (intentions)

and task-switching execution (their implementations)

between adolescence and middle adulthood. Seventy-four

participants were assigned to one of the four age groups

(adolescents, 12–17 years; emerging adults, 18–22 years;

young adults, 23–27 years; middle-aged adults,

28–56 years). Participants chose between two simple cog-

nitive tasks at the beginning of each trial before pressing a

spacebar to indicate that the task choice was made. Next, a

stimulus was presented in one of the three adjacent boxes,

with participants identifying either the location or the shape

of the stimulus, depending on their task choice. This vol-

untary task-switching paradigm allowed us to investigate

the intentional component (task choice) separately from its

implementation (task execution). Although all participants

showed a tendency to repeat tasks more often than

switching between them, this repetition bias was signifi-

cantly stronger in adolescents than in any adult group.

Furthermore, participants generally responded slower after

task switches than after task repetitions. This switch cost

was similar across tasks in the two younger groups but

larger for the shape than the location task in the two older

groups. Together, our results demonstrate that both task

intentions and their implementation into actions differ

across age in quite specific ways.

Introduction

People often try to be more efficient by engaging in several

activities at the same time. This human ability to multitask

has been shown to rely on a dynamic interaction of dif-

ferent cognitive control processes (cf. Fischer & Plessow,

2015). Although the exact nature of the control mecha-

nisms behind human multitasking is yet to be specified,

various studies have informed us on different factors that

might be important for this ability (Sanbonmatsu, Strayer,

Medeiros-Ward, & Watson, 2013). For instance, how well

we multitask seems to depend on our working memory

capacity (Butler, Arrington, & Weywadt, 2011), our age

(Wasylyshyn, Verhaeghen, & Sliwinski, 2011), or a com-

bination of the two (Clapp & Gazzaley, 2012; Clapp,

Rubens, Sabharwal, & Gazzaley, 2011). Considering that

cognitive control mechanisms change across life span

(Cepeda, Kramer, & de Sather, 2001; Craik & Bialystok,

2006; Zelazo, Craik, & Booth, 2004), the influence of age

on multitasking might not come as a surprise. Interestingly,

however, different parts of cognitive control arise, mature,

and decline at different paces. There seems to be an

important differentiation in how age influences
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components of cognitive control mechanisms (Butler et al.,

2011; Eich, MacKay-Brandt, Stern, & Gopher, 2016;

Kievit et al., 2014). The aim of the current study was to

further investigate how age—in the range of adolescents to

middle-aged adults—interacts with two distinctive levels

of cognitive control mechanisms involved in voluntary task

switching. Specifically, we investigated age-related mod-

ulations of cognitive control at the level of intention for-

mation (task choice) and at the level of subsequent

implementation of these intentions into the corresponding

actions (task execution).

Cognitive control processes involve mechanisms that

allow us to keep the focus on task at hand despite possible

internal or external distractions as well as mechanisms

allowing us to change focus when needed (cf. Goschke &

Dreisbach, 2008; Miller & Cohen, 2001). One way to

investigate these mechanisms further in an experimental

setting is to use a task-switching paradigm (for review, see

Kiesel et al., 2010; Monsell, 2003). In this paradigm, par-

ticipants are typically asked to switch between two (or

more) simple cognitive tasks, for instance, switching

between identifying shapes (task 1) and colours (task 2) of

stimuli. Most often, bivalent stimuli are used that afford

both tasks and, therefore, require some kind of indication

of the currently relevant task. Usually, this is done either

using external cues (e.g., Meiran, 1996; Poljac, Haan, &

Galen, 2006) or predefined sequences of tasks (e.g., All-

port, Styles, & Hsieh, 1994; Rogers & Monsell, 1995).

More recently, however, Arrington and Logan

(2004, 2005) proposed a new paradigm, in which partici-

pants were required to choose between tasks, as if flipping

a coin decided which task to perform. The idea behind this

voluntary task-switching (VTS) paradigm was that it offers

a method containing a more distinct top–down component

than the cued procedures. In this way, the VTS paradigm

introduced an intentional component in task switching

(task choice) in addition to the previously used measure of

its implementation into the corresponding action (task

execution).

Both cued and VTS studies have demonstrated that

although people are generally able to switch between tasks,

they do so at a certain performance cost. Specifically,

people tend to slow down and make more errors when

switching between tasks as compared to repeating tasks.

These switch costs seem to be one of the most robust

findings in the task-switching literature, often assumed to

reflect the ability to flexibly activate, and implement the

appropriate task set (i.e., mental task representation).

Switch costs are prone to both top–down (e.g., providing

time for active task preparation; Koch, 2001; Liefooghe,

Demanet, & Vandierendonck, 2009; Meiran, 1996; Rogers

& Monsell, 1995) and bottom–up (e.g., activation of pre-

viously executed, currently irrelevant task; Allport et al.,

1994; Hoffmann, Kiesel, & Sebald, 2003; Koch & Allport,

2006; Mayr & Keele, 2000; Poljac & Bekkering, 2009;

Poljac, Koch, & Bekkering, 2009; Poljac & Yeung, 2014;

Waszak, Hommel, & Allport, 2005; Yeung, 2010) effects.

The influence of bottom–up effects, such as the effect of

between-task interference, is rather interesting, given that

switch costs are often considered as an index of top–down

cognitive control.

One of the ways that between-task interference is sug-

gested to be expressed in behaviour is the asymmetric

switch cost (e.g., Yeung, 2010). It has been shown that

when tasks differ in their relative strength,1 they tend to

leave distinct fingerprints on task-switching performance.

Specifically, switching between a relatively easy and a

relatively hard to execute task often results in larger switch

costs when switching to the easy task as compared to

switching to the harder task of a pair in both cued (Allport

et al., 1994; De Jong, 1995; Ellefson, Shapiro, & Chater,

2006; Hübner, Kluwe, Luna-Rodriguez, & Peters, 2004;

Yeung & Monsell, 2003a, b) and voluntary task-switching

procedure (Millington, Poljac, & Yeung, 2013; Poljac,

Poljac, & Yeung, 2012; Yeung, 2010). This somewhat

contra-intuitive observation of relatively larger switch

costs in the easier task has been explained in terms of

differences in control biases between the two tasks (Gilbert

& Shallice, 2002; Yeung & Monsell, 2003b). According to

this view, control biases that are needed for correct task

execution differ for tasks that vary in their relative strength.

Therefore, for the harder task to be executed correctly,

strong control biases are needed. Overcoming these stron-

ger control biases when switching away from the harder

task is reflected in behaviour as a larger switch cost in the

task one switches to, that is, in the easier task. On the

contrary, execution of the easier task generally requires

little or no control bias, so that abandoning this task is not

hard for the cognitive system, resulting in smaller switch

costs when switching to the harder task. Altogether, this

view suggests that asymmetric switch costs originate from

asymmetric strengths of control biases required for correct

execution of the two tasks (see also Bryck & Mayr, 2008).

Besides these similarities in findings between cued and

VTS procedures in task execution, VTS studies have

informed us about how people choose between two simple

cognitive tasks. Interestingly, participants seem to

demonstrate a tendency to repeat tasks more often than

would be expected based on the instructions, clearly sug-

gesting lack of optimal top–down control. Moreover, this

1 Cognitive tasks can differ in their relative strength due to various

factors, such as task difficulty, familiarity, and the amount of practice.

A stronger task of a pair is the one that participants find easier to

execute, because it is less difficult, more familiar, or more practiced.

In the remainder of this paper, we used the terms easier and harder to

refer to the stronger and the weaker task, respectively.
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so-called repetition bias seems to become even stronger

when the stimulus repeats from the previous trial (Mayr &

Bell, 2006). Apart from this stimulus-repetition effect on

task choice, relative difficulty between tasks seems also to

affect participants’ task choice. Specifically, a repetition

bias asymmetry was observed in a similarly surprising way

as above described switch-cost asymmetry: participants

repeated the harder task more often than the easier task

(Millington et al., 2013; Poljac et al., 2012; Yeung, 2010).

Together, performance observed in studies using the VTS

paradigm demonstrates a dynamic interaction between top–

down and bottom–up processes, leaving specific finger-

prints in both task intentions and their corresponding

actions (Poljac & Yeung, 2014).

How task intentions (typically measured by means of

task choice or the time taken for making the choice) relate

to their subsequent translation into corresponding actions

[typically measured as task performance in terms of reac-

tion times (RT) and error rates] has been investigated in a

couple of studies, with most of the studies providing evi-

dence of dissociable influences on task choice and task

execution (Arrington & Yates, 2009; Butler et al., 2011;

Mayr & Bell, 2006; Millington et al., 2013; Poljac &

Yeung, 2014; Yeung, 2010). For instance, Arrington and

Yates showed a dissociation between task choice and task

execution measures relative to three attentional networks

indexed by the Attention Network Test (ANT; Fan,

McCandliss, Fossella, Flombaum, & Posner, 2005): alert-

ing, orienting, and executive control. The authors observed

that while alerting correlated with task performance,

executive control networks correlated with task choice

measures of multitasking behaviour. Empirical evidence

has also been provided for common factors affecting both

task choice and task execution. For instance, preparation

time, which has extensively been shown to modulate task

execution in task-switching studies (see Kiesel et al., 2010

for a review), seems also to affect task choice (e.g.,

Arrington & Logan, 2005). Although the relationship

between processes behind task intentions (task choice) and

their implementation into the corresponding actions (task

execution) seems to be complex in nature, sufficient

empirical evidence has been put forward in support of two

distinct mechanisms. The current study investigated how

task choice and task execution differ across age in volun-

tary task choice conditions.

Interest in a better understanding of how task-switching

abilities change across age has produced numerous studies

predominantly with cued task requirements. Although the

findings reported in these studies were not always con-

vergent, cued task-switching performance has been shown

to differ across age (Cepeda et al., 2001; Verhaeghen &

Cerella, 2002; Wasylyshyn et al., 2011). For instance,

Cepeda and colleagues demonstrated that switching ability

followed an inverted U-shape function, as it increased from

childhood into young adulthood, stayed relatively

stable across adulthood until the age of around 60 years,

after which it started to decline. Later studies helped

specifying the changes in task-switching performance

across age in more detail (e.g., Kray, Eber, & Linden-

berger, 2004; Lucenet, Blaye, Chevalier, & Kray, 2014;

Reimers & Maylor, 2005). For instance, Reimers and

Maylor showed that while switch costs were rather

stable in their study, which included participants from 10 to

66 years of age, more general task-switching performance

improved until the end of adolescence and then declined

somewhat linearly across age. To measure this general

task-switching performance, the authors compared partic-

ipants’ performance in single task blocks to that in mixed

task blocks and observed a performance cost related to the

mixed condition, sometimes also called global or mixing

costs.2 While switch costs are assumed to reflect ability to

flexibly change between task sets (e.g., Rogers & Monsell,

1995), mixing costs are usually related to the ability to

actively maintain task sets (e.g., Kray & Lindenberger,

2000).

Considering the current study focused on switch costs as

a measure of task execution, it is important to mention that

the actual cognitive mechanisms behind switch costs are

still a matter of debate, as different studies have shown that

switch costs are influenced by different experimental

manipulations assumed to be related to for instance active

task preparation, passive decay or active inhibition of now

irrelevant task set, and memory (for an overview, see

Kiesel et al., 2010; Liefooghe, Demanet, & Vandieren-

donck, 2010). Studies investigating these switch-cost-re-

lated mechanisms in non-adult populations are scarce (for a

comprehensive review, see Cragg & Chevalier, 2012),

leaving further specifications to future research. However,

it is generally shown that task-switching ability is present

in children as young as 6 years (Dibbets & Jolles, 2006),

with switch costs staying rather stable across late child-

hood, adolescence, and young adulthood (e.g., Manzi,

Nessler, Czernochowski, & Friedman, 2011). Furthermore,

ageing studies have also provided evidence of stable switch

costs in the elderly with both cued (e.g., Reimers &

Maylor, 2005) and voluntary (Terry & Sliwinski, 2012; but

see Butler & Weywadt, 2013) procedures.

2 The differences in labelling reflect differences in research tradi-

tions: While the term mixing costs is mostly used within the research

field of cognitive psychology, the term global costs is more common

within the developmental and aging research fields. Please note that

the two are not always measured in the same way. Mixing costs are

typically measured as a difference in task repetition performance

when comparing single tasks blocks with mixed task blocks, whereas

global costs are mainly measured as a difference in performance

between single task blocks and mixed task blocks, including the

switch trials in the latter.
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Studies investigating developmental changes in task

choice behaviour using VTS paradigms are rare. The two

ageing studies that focus on this matter showed similar

patterns regarding age-related differences in task choice: a

stronger repetition bias was observed in older adults

compared to younger adults (Butler & Weywadt, 2013;

Terry & Sliwinski, 2012). Butler and Weywadt extended

this observation of a stronger repetition bias in older adults

by showing that age might also modulate the actual way

that task choices are made. Specifically, the authors

showed that while the repetition bias was not modulated by

stimulus-repetition effect in older adults, younger adults

were more likely to repeat tasks when the stimulus repeated

than when it changed. This suggests that whereas task

choice strategy used by older adults was protected from

external input, younger adults were sometimes relying on

the availability of the external input for their task choice,

such as bottom–up stimulus information (cf. Arrington,

Weaver, & Pauker, 2010; Mayr & Bell, 2006). Accord-

ingly, the repetition bias seems to occur when external

stimulation is stronger than the internal aim.

Besides this bottom–up effect on task choice, two top–

down accounts have been proposed for explaining the

patterns of task choice observed in VTS: a memory-based

approach, in which a representative random sequence is

used as a comparison to the recent history of task choices

based on which the next task choice is made (Arrington &

Logan, 2005; see also Vandierendonck, Demanet, Lie-

fooghe, & Verbruggen, 2012 for a long-term memory-

based chain-retrieval model) and an inhibition-based

approach, where each trial is treated as a discrete event,

and active inhibition of the most recent task activation

protects the system from perseverating (Mayr & Bell,

2006). These top–down views suggest that the repetition

bias occurs when the top–down control mechanism fails.

Developmental studies have informed us that both working

memory (Zanolie & Crone, 2017) and inhibition (Schel,

Scheres, & Crone, 2014) are mostly not yet fully developed

in children and become more stable and mature across

adolescence.

Therefore, empirical evidence for age-related modula-

tions of task-switching abilities is abundant, predominantly

generated in cued task-switching studies, but VTS studies

have also offered some evidence. Specifically, develop-

mental studies have demonstrated rather stable switch costs

from late childhood on, while task choice behaviour can be

expected to need more time to stabilise in adolescence due

to the still developing mechanisms of memory and inhi-

bition suggested to be involved in the way people make

random task choice. The current study was designed to

further investigate age-related effects on voluntary task

switching, focusing specifically on task repetition bias as a

measure of task intentions and switch costs as a measure of

task execution.

The age range included here differs from typically used

ranges in the developmental and ageing literature: our

participants were divided into four age groups, with ages

ranging from age 12–56 years. Recent studies have

informed us that cognitive control mechanisms do not

necessarily reach their optimal functioning in emerging

adulthood (Wolff, Roessner, & Beste, 2016), leaving a

possibility of so far undetected developmental changes

across adulthood. In fact, a recent neuroimaging study

focused on cognitive control capacities in 13–25-year-old

individuals and demonstrated diminished cognitive per-

formance under brief and prolonged negative emotional

arousal in 18–21 years relative to adults over 21 (Cohen

et al., 2016). The authors report that this inferior perfor-

mance was accompanied by decreased brain activity in

fronto-parietal circuitry known for being critical in cogni-

tive control (e.g., Zanto & Gazzaley, 2013). This is an

important finding as it suggests that the usual assumption

of adulthood starting at the age of 18 mostly applied in

scientific studies is not necessarily reflecting the true

maturation of all aspects of cognitive control. In our study,

the chosen age range allowed us to look at more gradual

changes in maturation of cognitive control processes across

age. Similar to the study of Cohen and colleagues, we

divided our age groups into 12–17 years (adolescence),

18–22 years (emerging adulthood), 23–27 years (young

adulthood), and 28–56 years (middle adulthood). We were

particularly interested in how control processes behind task

intentions and their implementation into actions in situation

of voluntary task switching differ across this age range.

To investigate this, we used a voluntary task-switching

paradigm, in which participants were asked to choose

between a location task and a shape task on each trial,

while keeping in mind to choose the two tasks about

equally often and in random order (for similar procedures

see Millington et al., 2013; Poljac et al., 2012). We

recorded the time participants took to make their task

choice as well as the actual task choices (task intentions),

and their responding to the stimuli in terms of speed and

accuracy (implementation of the intentions into corre-

sponding actions). The two tasks we used here differed in

their relative strength, with the location task being the

easier task and the shape task being the harder task. This

manipulation allowed us to look for differences in asym-

metries that might arise in behavioural patterns across age

range. Finally, we systematically manipulated stimulus

repetitions to further specify age-related differences of

stimulus-repetition effect on task choice, as previously

reported by Butler and Weywadt (2013).

We expected to observe distinct age modulations for

task choice and task execution behaviour. Specifically,
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while we expected switch costs to show a rather

stable pattern across our four age groups, we expected

repetition bias to differ between groups. Based on findings

related to memory and inhibition, we expected adolescents

to demonstrate a larger repetition bias than each of the

three adult groups. Considering that no studies have been

conducted yet that investigated task choice behaviour in

VTS setting in this age range, it is possible that the typical

pattern of repetition bias emerges later than adolescence,

due to ongoing maturation of processes behind task choice

behaviour (cf. Cohen et al., 2016). If task choice perfor-

mance under conditions of random task choice requires

more time to develop than is observed for memory and

inhibition, then we expected repetition bias to be larger in

both adolescents and emerging adults as compared to

young and middle-aged adults.

Methods

Participants

Seventy-five participants, 12–56 years of age, took part in

the study. One participant was excluded from all data

analyses, as the mean RT was larger than three standard

deviations above the mean. The remaining 74 participants

(38 female) were divided into four groups based on their

age (cf. Cohen et al., 2016): adolescents (N = 20, 12

female; age range = 12.2–17.4 years, mean age = 14.7,

SE = 0.3), emerging adults (N = 17, 5 female; age ran-

ge = 18.2–22.9 years, mean age = 20.9, SE = 0.4),

young adults (N = 19, 12 female; age ran-

ge = 23.2–27.7 years, mean age = 25.3, SE = 0.4), and

middle-aged adults (N = 18, 9 female; age ran-

ge = 28.2–56.4 years, mean age = 39.3, SE = 2.1). Eight

participants were left-handed, two in each of the groups.

All participants had normal or corrected-to-normal vision.

Participants were recruited through the Radboud

Research Participation System (SONA systems) and flyers

distributed at public (high) schools. They received a pay-

ment of 10 euro or course credits for the time invested.

Prior to any testing, written informed consent was obtained

from each participant. For the participants younger than

18 years of age, both parents provided their written

informed consent in addition to the child’s consent. The

protocol was approved by the Review Board of Donders

Centre for Cognition.

Stimuli and tasks

Stimuli were three blue shapes: a triangle, a square, and a

circle. In each trial, one of the shapes was presented inside

a grid consisting of three adjacent boxes. At a viewing

distance of approximately 1 m, the grid was 2.6� high and

7.4� wide. The presented stimulus approximately filled one

box within the grid (see Fig. 1). Participants were

instructed to respond by identifying either the shape (i.e.,

shape task) or the location (i.e., location task) of the pre-

sented stimulus after voluntarily choosing the shape or the

location task. Participants were required to make this

choice between tasks when a question mark was presented

together with the empty grid.

The two tasks were uniquely mapped to participants’

hands. Half of the participants responded to the shape by

pressing keys with their left hand and to the location by

pressing keys with their right hand. The other half of the

participants responded with a reversed mapping. This

allowed us to determine participants’ task choices based on

the hand they used to respond with. The actual response to

either shape or the location of the stimulus was given by

pressing a key with the index, middle, or ring finger of the

respective hand. For the shape task, the stimulus–response

(S–R) mappings were arbitrarily set. Specifically, we asked

participants to use their leftmost, middle, and rightmost

finger of the appropriate hand for circle, square, and tri-

angle, respectively. For the location task, however, the S–R

mappings were directly linked as the leftmost, middle, and

rightmost fingers were used to indicate the left, centre, and

right boxes, respectively.

Procedure

Participants first got acquainted with the shape and location

tasks by practicing each of them separately for 20 trials.

Next, they practiced switching and making choices

between the two tasks for two blocks of 20 trials each.

After the practice part, the experimental part started, con-

sisting of eight blocks of 60 trials each. The total number of

experimental trials was hence 480 per participant. Across

the experimental trials, stimuli were presented quasi-ran-

domly. Specifically, the two stimulus dimensions were

systematically varied, such that between two successive

trials, stimuli either fully repeated (same shape presented in

same location), partially repeated in one of the two ways

(either same location or same shape), or repeated not at all

(different shape in different location). Each of the four

possibilities of stimulus repetition occurred equally often.

Each trial began with an empty grid accompanied by a

question mark (see Fig. 1 for a schematic overview of trial

events). As such, the question mark served as a cue to

participants, indicating that they needed to make their task

choice for that trial. Specifically, they were instructed to

voluntarily choose between shape or location tasks on each

trial while choosing the two tasks around equally often and

in random order (cf. Arrington & Logan, 2004). Once the

task choice was made, they pressed the spacebar to indicate
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that they had made their choice, without explicitly indi-

cating what that particular task choice was (cf. Millington

et al., 2013; Poljac et al., 2012). Participants were

requested to hit the spacebar with both their thumbs as soon

as they had made their task choice. Hitting the spacebar

removed the question mark but not the grid, which stayed

empty for an interval of 900 ms. After this interval, a

stimulus appeared in one of the three locations within the

grid and remained on the screen until a response was given.

The response triggered emptying the grid for 500 ms, after

which the question mark appeared again. This was the cue

for participants that the new trial had started and that they

needed to make their next task choice. Participants were

encouraged to make deliberate task choices and take the

time needed for making their choice before hitting the

spacebar to do so.

At the end of each block, participants were reminded to

respond both as quickly and as accurately as possible and

to follow the instructions about equal task distribution and

‘random’ switching as described above. In addition, feed-

back on performance in the block they just finished was

given by summarising their individual average response

and choice times, counts of errors, counts of choices for

each of the tasks, and counts of switch and repeat trials.

Finally, participants were encouraged to use the time

between blocks to rest if needed.

Design

The current study included three within-subjects variables

and one between-subjects variable. The within-subjects

variables were Task (location/shape), Transition (switch/

repeat) and Stimulus Repetition (full/location/shape/none),

whereas the between-subjects variable was Age (adoles-

cents/emerging adults/young adults/middle-aged adults).

Whether the current trial was considered a switch or a

repeat trial was determined by comparing the current task

with the previously performed task. Furthermore, the four

possible stimulus-repetition types occurred equally often

across trials.

We measured the behaviour related to participants’ task

choice that the participants made as well as their responses

to the presented stimuli. Two measures related to task

choice were used. First, we calculated percentages of task

repetitions. This measure was then submitted into a

2 9 4 9 4 (Task 9 Stimulus Repetition 9 Age) repeated

measures ANOVA. Second, we measured the time partic-

ipants took to make their choice of tasks. Choice times

were then submitted to a2 9 2 9 4 (Task 9 Transi-

tion 9 Age) repeated measures ANOVA, which was also

applied on the two measures used for stimulus-related

behaviour: mean reaction times and error rates. To calcu-

late error rates, we first specified the hand used to respond

to the target stimulus. Given that left and right hands were

Fig. 1 Schematic representation of the trial events. A trial started

with the presentation of a question mark right above a grid, which was

present on the screen during the entire trial. The question mark was a

cue to the participants to make a deliberate choice of tasks for that

trial and then to press the spacebar indicating that the task choice was

made. The time needed for making this task choice (i.e., choice time)

was measured as the interval between the presentation of the question

mark and the space-bar press. The stimulus appeared 900 ms after the

spacebar was pressed, with stimuli consisting of geometric figures ap-

pearing in one of the three possible locations in the grid. In this way,

each stimulus afforded two possible tasks: shape (circle/

square/triangle) and location (left/middle/right). The tasks were

mapped separately to the two hands, and the participants responded

by pressing a key. In the example illustrated here, the left hand is used

to respond to the shape (circle, square, triangle) and the right hand to

the location of the stimulus (L left, M middle, R right). The correct

response for the depicted example would be pressing the right most

key with the left index finger for the shape task or pressing the left

most key with the right hand for the location task. After the response

was given, the grid was emptied for 300 ms, followed by the question

mark indicating the start of the next trial
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uniquely linked to the tasks, knowing the hand used to

respond allowed us to identify the intended task, and hence

the correct finger for the specific stimulus. Accordingly,

error trials were defined as those in which the participant

responded with the incorrect finger of the hand used for the

intended task. We then calculated error rates for each of the

Task 9 Transition conditions per participant as a relative

measure between the number of errors made within a

specific condition and the total number of times that the

respective condition was chosen by the participant.

Results

Percentages of task repetitions

To investigate whether task choices were mediated by

bottom–up stimulus information and age, percentages of

task repetitions were submitted into a 2 9 4 9 4

(Task 9 Stimulus Repetition 9 Age) repeated measures

ANOVA. The analysis of stimulus-repetition effect on task

choice was possible because of the specific type of the VTS

paradigm used here: while the participants were required to

make their choice of task deliberately before pressing the

spacebar, they were not asked to specify their actual task

choice before responding to the stimulus. In this way,

participants might possibly have in some cases ignored

their initial intention due to interfering factors. Therefore,

to investigate how well the participants were following

their initial intentions, we tested how stimulus repetition

was affecting task choices. It has already been shown that

the initial intention may be ignored when the stimulus

repeats across trials (Mayr & Bell, 2006). The idea behind

this effect is that deliberately choosing between tasks

before stimulus presentation should protect the formed

intention and hence the eventual task choice from any

stimulus-related manipulation introduced in the design. If,

however, the initial intention is not stable enough, it is

possible for the stimulus to affect the eventual task choice,

such as observed for stimulus repetitions.

The analysis of percentages of task repetitions revealed

three significant main effects. First, a main effect of Task

was observed, F(1,70) = 36.67; p\ .001, with partici-

pants repeating the shape task more often (M = 60.9%,

SE = 1.4) than the location task (M = 57.5%, SE = 1.5).

Second, a main effect of Stimulus repetition,

F(3,68) = 16.77; p\ .001 was observed. Participants

repeated tasks more when stimulus features repeated fully

(M = 61.6%, SE = 1.4), or partially (stimulus location

repetition, with M = 60.1%, SE = 1.6; and stimulus shape

repetition, with M = 58.9%, SE = 1.5) across trials, as

compared to no stimulus repetition (M = 56.2%,

SE = 1.5). Simple contrast analyses confirmed a

significant difference between full stimulus repetition and

all other levels of Stimulus repetition, with F(1,70) = 5.04;

p = .028, F(1,70) = 12.18; p = .001, and

F(1,70) = 49.72; p\ .001, for the comparison between

full stimulus repetition and stimulus location, stimulus

shape, and no stimulus repetition, respectively. Further-

more, the stimulus did not need to be fully repeated across

trials to increase the tendency of task repetitions, as both

partially repeating stimulus features, that is, stimulus

location repetition (F(1,70) = 28.46; p\ .001) and stim-

ulus shape repetition (F(1,70) = 12.95; p = .001), signif-

icantly increased the tendency to repeat tasks as compared

to no stimulus-repetition condition. Simple contrasts for the

two types of the partial stimulus repetitions revealed no

significant difference between them, F(1,70) = 2.55;

p = .115.

Third, a significant main effect of Age was observed,

F(3,70) = 2.78; p = .047. Simple contrasts revealed that,

while the percentages of task repetitions did not signifi-

cantly differ among the three adult groups (Fs\ 1), ado-

lescents (M = 66.0%, SE = 2.7) repeated tasks

significantly more often than emerging adults (M = 55.5%,

SE = 3.0), with F(1,35) = 6.83; p = .013. Furthermore,

adolescents also repeated tasks more often than young

adults (M = 57.4%, SE = 2.8), and middle-aged adults

(M = 58.0%, SE = 2.9), with F(1,37) = 3.64; p = .064

and F(1,36) = 4.08; p = .051, respectively.3

Finally, no significant interactions between Task and

Age nor between Stimulus repetition and Age was

observed (Fs\ 1), indicating that participants’ task repe-

titions were modulated by tasks and stimulus repetitions in

a similar way across age (see Table 1).

Choice time

To analyse the time participants took to make their task

choice, we calculated the mean time between the presen-

tation of the question mark (cue for making a task choice)

and the spacebar press (indication that a task choice was

made). The data were first cleaned from the first trials of

each block, which was 592 trials across all participants,

that is, 1.7% of all trials. These trials were excluded,

because they were preceded by a self-paced break between

the experimental blocks and were thus hard to classify as

either a task switch or a task repetition. Furthermore,

excluding the outliers—which were defined per participant

as latencies deviating more than 3 SDs from the mean

latency of each of the conditions—resulted in excluding

3 This observation of age differentiation for percentages of task

repetitions was confirmed when using Age as continuous variable:

Spearman’s rank-order correlation reveled that percentages of task

repetitions had a tendency to decrease with age (rs = -.22,

p = .056).
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additional 595 trials, which was also 1.7% of all trials.

Together, the exclusion criteria we applied resulted in

elimination of 1187 trials, which was 3.3% of all data.

The mean choice time was then submitted into a

2 9 2 9 4 (Task 9 Transition 9 Age) repeated measures

ANOVA, which revealed only a significant main effect of

Task, F(1,70) = 5.39; p = .023. Specifically, the partici-

pants took on average more time to choose the harder shape

task (M = 295 ms, SE = 24.0) than the easier location

task (M = 286 ms, SE = 22.2). No other main effects or

interactions were significant, implying that choice time

data did not differentiate between the four age groups.

Reaction times

Similar to the choice time data analysis, reaction times

data were cleaned by excluding the first trials of each

block (1.7% of all trials) and the outliers (an additional

484 trials, that is 1.4% of all trials). Furthermore, error

trials and trials following errors were excluded, com-

prising a total of 2111 trials across participants, that is,

5.9% of all trials. This resulted in a total of 9.0% of all

trials being excluded.

Mean RTs were then submitted into a 2 9 2 9 4

(Task 9 Transition 9 Age) repeated measures ANOVA,

which revealed a main effect of Task (F(1,70) = 312.75;

p\ .001) and Transition (F(1,70) = 80.99; p\ .001). As

expected, the shape task was the harder task for partici-

pants to perform, as they were on average slower per-

forming the shape task (M = 691 ms, SE = 15.9) than the

location task (M = 529 ms, SE = 13.9). In addition, par-

ticipants demonstrated a significant switch cost of 55 ms

on average, with slower RTs after a task switch

(M = 638 ms, SE = 15.8) than after a task repetition

(M = 583 ms, SE = 13.2). This switch cost did not differ

between the age groups, with F\ 1, for Transition 9 Age.

Importantly, a significant interaction was observed

between Task, Transition, and Age, F(3,70) = 3.48;

p = .020.4 Further investigation of the Task 9 Transition

interaction between the groups revealed that while this

interaction did not significantly differ between the young-

est two groups nor between the oldest two groups (Fs\ 1),

the interaction differed significantly between the two

younger groups compared to the two older groups.

Specifically, the Task 9 Transition interaction in adoles-

cents differed from that observed in young adults

(F(1,37) = 5.86; p = .020) and middle-aged adults

(F(1,36) = 5.37; p = .026). In a similar vein, the

Task 9 Transition interaction in emerging adults differed

from those observed in young adults (F(1,34) = 4.48;

p = .042) and middle-aged adults (F(1,33) = 4.25;

p = .047). In addition, testing the Task 9 Transition

interaction for each of the four age groups revealed that

while this interaction was not significant in either adoles-

cents (F(1,19) = 1.43; p = .25) or in emerging adults

(F\ 1), it reached significance in both the young

(F(1,18) = 5.06; p = .037) and middle-aged adults

(F(1,17) = 5.18; p = .036). Specifically, as shown in

Table 2, in both adolescents and in emerging adults, switch

costs were numerically larger when switching to the loca-

tion task (switch costs = 58 and 57 ms, respectively) than

when switching to the shape task (switch costs = 39 and

50 ms, respectively), while in the young and middle-aged

adults, the pattern was reversed, with switch costs being

significantly larger in the shape task (switch costs = 69

and 80 ms, respectively) than in the location task (switch

costs = 34 and 51 ms, respectively). Together, reversal in

direction of switch-cost asymmetry was detected, with

adolescents and emerging adults demonstrating numeri-

cally larger switch costs when switching to the location

4 When correcting for possible baseline differences between the

groups by applying the logarithmic transformation of the RT data,

which is a data correction method often used in studies on aging (cf.

Kray & Lindenberger, 2000; Mayr, 2001), we observed that the three-

way interaction between Task, Transition, and Age became margin-

ally significant, with F(3,70) = 2.39; p = .076.

Table 1 Percentages of task repetitions (%) and standard errors in parentheses for each age group (adolescents/emerging adults/young adults/

middle-aged adults) as a function of stimulus repetition (none/location/shape/full) and task (location/shape)

Age group Stimulus repetition

None Location Shape Full

Location Shape Location Shape Location Shape Location Shape

Adolescents (N = 20) 59.9 (3.0) 64.3 (3.3) 64.2 (3.4) 68.1 (3.1) 65.9 (2.9) 66.6 (3.1) 67.7 (3.1) 70.3 (2.8)

Emerging adults (N = 17) 50.4 (3.3) 55.1 (3.3) 55.1 (3.7) 56.1 (3.4) 52.9 (3.2) 58.1 (3.3) 56.7 (3.4) 59.7 (3.0)

Young adults (N = 19) 55.2 (3.1) 53.9 (3.1) 55.8 (3.5) 60.4 (3.2) 54.8 (3.0) 60.2 (3.1) 57.9 (3.2) 61.2 (2.8)

Middle-aged adults (N = 18) 53.5 (3.2) 57.2 (3.2) 58.5 (3.6) 62.4 (3.3) 53.7 (3.1) 58.5 (3.2) 57.4 (3.3) 61.8 (2.9)

All participants (N = 74) 54.7 (1.6) 57.6 (1.6) 58.4 (1.8) 61.7 (1.6) 56.8 (1.5) 60.9 (1.6) 59.9 (1.6) 63.2 (1.4)
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task than when switching to the shape task, whereas both

young and middle-aged adults had significantly larger

switch costs when switching to the shape task than when

switching to the location task.5

Finally, the main effect of Age was not significant

(F\ 1), suggesting that the two tasks were around equally

demanding for the participants in the four age groups.

Error rates

Similar to the RTs, mean error rates were submitted into a

2 9 2 9 4 (Task 9 Transition 9 Age) repeated measures

ANOVA, which again revealed a main effects for Task

(F(1,70) = 78.66; p\ .001) and Transition

(F(1,70) = 39.29; p\ .001). The participants were on

average less accurate performing the shape task

(M = 4.5%, SE = 0.3) than performing the location task

(M = 1.8%, SE = 0.2) and after a task switch (M = 3.9%,

SE = 0.3) than after a task repetition (M = 2.4%,

SE = 0.2). No other main effects or interactions were

significant, implying that error rates did not differentiate

between the four age groups in our study.

Discussion

The current study was designed to investigate how cogni-

tive control processes involved in voluntary task switching

differ across age, from adolescence to middle adulthood.

The findings demonstrate specific age-related differences

of cognitive control at both the level of task intentions (task

choice) and the level of their implementation into the

corresponding actions (task execution). For task intentions,

we observed a task repetition bias in all age groups, with

this tendency to keep repeating tasks being the strongest in

adolescents as compared to all of the adult groups. Fur-

thermore, the ways that the two tasks showed asymmetries

in the observed repetition bias (stronger repetition bias in

the relatively harder task) did not differ across the age

groups. For the implementation of task intentions into the

corresponding actions, however, we detected a rather dif-

ferent pattern: while the switch costs observed in the cur-

rent study did not differentiate between the age groups,

their asymmetry showed particular age-related patterns.

Specifically, we observed a trend towards a reversal in

direction of switch-cost asymmetry when comparing the

two youngest groups with the two oldest ones: whereas

adolescents and emerging adults demonstrated numerically

the typical pattern of larger switch costs in the easier task

(though not reaching significance), young and middle-aged

adults showed larger switch costs for the harder task than

for the easier task. In what follows, we discuss the impli-

cations of these findings for existing ideas of age modu-

lation of cognitive control for intentions and actions.

Task intentions across age

Repetition bias was observed in all of the age groups

included in the current study, demonstrating a robust ten-

dency of the participants to repeat tasks more often than to

switch between them. As expected, however, the repetition

bias was significantly stronger in adolescents than in adults.

This observation extends previously reported age-related

sensitivity of the repetition bias in ageing studies (Butler &

Weywadt, 2013; Terry & Sliwinski, 2012). Specifically,

Terry and Sliwinski showed that older adults (74–87 years

of age) were inclined to repeat tasks more than younger

adults (18–21 years of age), an observation later replicated

by Butler and Weywadt, with a slightly different age range

for younger (18–24 years) and older (61–88 years) adults.

The current study demonstrates in addition that adolescents

perseverate more in their task choices than any of the adult

groups, who showed a rather stable repetition bias among

themselves. These findings together suggest that the repe-

tition bias is modulated by age, following an U-shaped

pattern, with both adolescents (ca. 12–18 years of age) and

older adults (ca. 60 ? years of age) showing a stronger

tendency to persevere in their task choice than other adults

(ca. 18–60 years of age).

A plausible explanation for age-related influences on the

repetition bias comes from the suggestion that the

5 The observations of age-related changes in switch costs and switch

cost asymmetry was confirmed when using age as continuous

variable: Spearman’s rank-order correlation reveled that while switch

costs were stable across age (rs = .10, p = .376), switch cost

asymmetry declined with age (rs = -.26, p = .023).

Table 2 Mean RTs (ms) and

standard errors in parentheses

for each age group (adolescents/

emerging adults/young adults/

middle-aged adults) as a

function of task (location/shape)

and transition (switch/

repetition)

Age group Location Shape

Switch Repetition Switch Repetition

Adolescents (N = 20) 592 (30.2) 534 (24.5) 725 (34.0) 686 (28.5)

Emerging adults (N = 17) 535 (32.7) 478 (26.6) 665 (36.8) 615 (30.9)

Young adults (N = 19) 541 (30.9) 506 (25.2) 733 (34.8) 664 (29.3)

Middle-aged adults (N = 18) 548 (31.8) 497 (25.9) 761 (35.8) 681 (30.1)

All participants (N = 74) 554 (15.7) 504 (12.8) 721 (17.7) 662 (14.9)
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repetition bias is related to the efficiency of top–down

control processes involved in the voluntary selection of

task goals. Specifically, it has been suggested that partici-

pants tend to repeat tasks because at the moment of task

choice it is the task chosen on the previous trial that is still

the most active one (Mayr & Bell, 2006). Mayr and Bell

suggested that one needs to inhibit the activated task in

order to overcome the repetition bias, meaning that task

selection depends on top–down control processes such as

inhibition counteracting the automatic tendency to repeat

tasks (Demanet, Verbruggen, Liefooghe, & Vandieren-

donck, 2010). The idea of inhibition processes being crit-

ical for regulating task repetition behaviour in VTS fits

nicely with the observation that, in our study, the repetition

bias was the strongest in adolescents: many studies have

shown that the ability to inhibit prepotent action develops

across adolescence during which it becomes more

stable and mature as one approaches late adolescence at

around 18 years of age (see Schel et al., 2014 for a review).

The idea that inhibition processes are behind the greater

repetition bias is also in line with the observation of an

increased repetition bias in the elderly (Butler & Weywadt,

2013; Terry & Sliwinski, 2012) as many studies have

provided empirical evidence for difficulties with inhibitory

control in older age (e.g., Butler & Zacks, 2006).

Empirical evidence challenging this idea of age-related

inhibitory-control differences being responsible for the

observed greater repetition bias in adolescents compared to

adults comes from studies looking at age-related modula-

tions of n - 2 task repetition costs in task switching (e.g.,

Lawo, Philipp, Schuch, & Koch, 2012; Mayr, 2001;

Schuch, 2016; Schuch & Konrad, 2017). The typical

findings of these studies, which require participants to

switch between three simple cognitive tasks, is that per-

formance on a task (e.g., Task A) is slowed down when this

task has just recently been abandoned (i.e., Task A–Task

B–Task A sequence compared to Task C–Task B–Task A

sequence). This n - 2 task repetition cost has been

explained in terms of task-set inhibition being implemented

on the no-longer relevant task when switching to a new

task to allow for the required task switch. Consequently,

switching back to a just abandoned task should then result

in decreased performance, because inhibition persists over

time and this residual inhibition needs to be overcome (for

a review, see Koch, Gade, Schuch, & Philipp, 2010). The

n - 2 repetition cost has been shown to be rather

stable across age, when comparing young and old adults

(Lawo et al., 2012; Mayr, 2001; Schuch, 2016) or when

comparing children and young adults (Schuch & Konrad,

2017). Together, these studies indicate that the idea of

differences in inhibitory control accounting for age-related

repetition bias differences is not straightforward. It is of

course possible that age modulates some aspects of

inhibition that are specifically related to cognitive pro-

cesses behind task choice, which then becomes evident in

repetition bias differences but not in n - 2 task repetition

costs. Such assumptions on different types of inhibition

processes or different functions of inhibition, however,

require further testing.

Another possible explanation for age-related depen-

dency of the repetition bias could be given in terms of

working memory development. It has been suggested that

task choice in VTS is made based on a representative

random sequence that is used as a comparison to the recent

history of task choices based on which the next task choice

is made (Arrington & Logan, 2005; see also Mittelstädt,

Dignath, Schmidt-Ott, & Kiesel, 2017). Developmental

studies have shown that working memory is usually

underdeveloped in children and becomes more stable and

mature across adolescence (Zanolie & Crone, 2017).

Specifically, working memory related to item manipulation

rather than item maintenance seems to need time to

develop in adolescence (Crone, Wendelken, Donohue, van

Leijenhorst, & Bunge, 2006). Of course, the role of ageing

in working memory abilities has been largely established

(for a current review see Park & Festini, 2017), suggesting

that similar to inhibition, working memory could account

for increased repetition bias in adolescence as observed in

our study and previously reported increased repetition bias

in elderly participants.

Perhaps the most intuitive explanation for the repetition

bias could be given in terms of effort avoidance. According

to this logic, participants opt for task repetitions more often

because task repetitions are relatively easier to execute than

task switches (e.g., Kool, McGuire, Rosen, & Botvinick,

2010). However, our observation of a stronger repetition

bias for the harder shape task contradicts this simple

explanation: if the task choice was driven by effort

avoidance, then we would expect the relatively easier task

of the pair to be chosen more often. A similar repetition

bias asymmetry showing a stronger tendency to repeat the

relatively harder task of a pair has already been reported in

voluntary task-switching studies (Millington et al., 2013;

Poljac et al., 2012; Yeung, 2010). Our data show that this

relatively small but consistent finding of repetition bias

asymmetry is stable across all age groups investigated here.

Repetition bias asymmetry has often been used as an

example of expression of between-task interference in task

choice behaviour (Millington et al., 2013; Yeung, 2010).

Specifically, it has been suggested that participants keep on

repeating the harder task more due to asymmetric control

biases between the two tasks, as one needs to exert more

control over the relatively harder task in order to execute

this task correctly, whereas less cognitive control is

required for the correct execution of the easier task.

Accordingly, persisting biases towards the harder task
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make switching away from this task more difficult,

resulting in a surprising preference for continuously per-

forming the harder task. Our observation of a small but

consistent repetition bias asymmetry seems to be in line

with this idea of between-task interference contributing to

the repetition bias. However, as the repetition bias asym-

metry observed in our study did not differ across age

groups, such a between-task interference account may

sufficiently explain the larger general repetition bias

observed in adolescents. So, although between-task inter-

ference seems to have influenced task choice behaviour in

all of our investigated age groups, it seems not to offer an

explanation for the stronger repetition bias in adolescents.

In a similar fashion, another bottom–up explanation for

the repetition bias seems also to fail to explain our finding

of the stronger repetition bias in adolescents. It has been

suggested that the repetition bias might occur when

external input is stronger than the internal aim. Empirical

support for this idea comes from studies investigating the

so-called stimulus-repetition effect in VTS (Arrington

et al., 2010; Butler & Weywadt, 2013; Mayr & Bell, 2006),

showing that participants are more likely to repeat the

previous task if the stimulus repeats from the previous trial.

In the current study, the effects of stimulus repetition on

task choice were also evident. So, rather than following the

initial intention in each trial, our participants were inclined

to conduct behaviour afforded by the stimulus in some of

the trials. Importantly, however, the way that stimulus

repetition affected repetition bias did not differ between the

age groups in our study. This observation suggests that

although a stimulus-repetition effect significantly con-

tributed to the repetition bias in general, the stronger rep-

etition bias observed in adolescents as compared to adults

seems not to originate from stimulus-related effects.

Together, both between-task interference and stimulus

repetition have significantly affected task choice behaviour

in all age groups of the current study. Importantly, how-

ever, these two mechanisms seem not to be able to explain

the stronger repetition bias observed in adolescents.

Specification of the mechanisms behind this observation

would require further studies. A possible way to proceed is

to look for an explanation at the level of top–down failure

in adolescents due to for instance still developing working

memory capacities or inhibition. In fact, this approach

sounds sensible considering that it has been shown that

cognitive control processes typically require time to

develop during adolescence (for a review see Best &

Miller, 2010).

Task execution across age

Our findings demonstrate robust switch costs that were

stable across the four age groups. This observation is in line

with some other ageing studies using instructed (Kray &

Lindenberger, 2000; Mayr, 2001; but see Kray, 2006;

Meiran, Gotler, & Perlman, 2001) or voluntary (Terry &

Sliwinski, 2012; but see Butler & Weywadt, 2013) task-

switching procedures. In addition, this observation shows

that, similar to the observations reported in some studies

using instructed task-switching procedures (e.g., Reimers

& Maylor, 2005), switch costs in studies using voluntary

task-switching procedure are stable across adolescence and

emerging adulthood. Different theories have been proposed

to account for processes allowing for switching between

task sets as well as for control mechanisms reflected in

switch costs, such as for instance the task-set reconfigura-

tion explanation of switch costs (see Kiesel et al. for an

overview). Our findings suggest that these control mecha-

nisms seem to be producing comparable behaviour from

adolescence to middle adulthood.

However, while switch costs seemed not to differ

between adolescents and any of the adult groups in our

study, switch-cost asymmetry demonstrated some interest-

ing age-specific patterns. Specifically, we observed a trend

towards a reversal in direction of switch-cost asymmetry

when comparing adolescents and emerging adults with

young and middle-aged adults. This observation is

remarkable for two different reasons. First, it shows dif-

ferentiation between the two younger and the two older

groups in our study. Second, the direction of the observed

asymmetry in the older two groups is opposite to the one

considered being a classic example of switch-cost asym-

metry. In what follows, we discuss the switch-cost asym-

metry and its seemingly peculiar direction observed in the

current study, followed by a discussion on its possible

implications for a better understanding of age-related dif-

ferences in task-switching behaviours.

Classical switch-cost asymmetry is considered to

include larger switch costs when switching from a rela-

tively harder task to a relatively easier task of a pair and

has been reported in studies using predefined (Allport et al.,

1994; De Jong, 1995; Yeung & Monsell, 2003a, b) and

voluntary task-switching procedures (Millington et al.,

2013; Poljac et al., 2012; Yeung, 2010). These asymmetric

switch costs have been explained in different ways, such

as, for instance, being generated by differences in positive

and negative task priming (Allport et al.), relative differ-

ence in activation (Gilbert & Shallice, 2002; Yeung &

Monsell, 2003b) or inhibition of tasks (Arbuthnott, 2008;

Jost, Hennecke, & Koch, 2017), differences in long-term

memory representations (Bryck & Mayr, 2008), or as a

result of sequential effects of difficulty (Schneider &

Anderson, 2010). The classical finding is, however, far

from universal. Some studies have demonstrated that an

asymmetry might occur in conditions where no task

switching is required (Bryck & Mayr, 2008) or even with
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tasks that do not differ in their objective, that is, perfor-

mance based difficulty (Barutchu, Becker, Carter, Hester,

& Levy, 2013). Furthermore, the occurrence of asymmetric

switch costs seems to depend on the instructions used

(Liefooghe et al., 2010) or might not be detected at all

(Monsell, Yeung, & Azuma, 2000). The diversity of these

reports makes it hard to offer a sensible explanation of the

reversed switch-cost asymmetry in the two older groups in

our study. Nevertheless, our findings suggest that switch-

cost asymmetry might be an interesting measure of age-

related differences in implementations of task intentions

into the corresponding actions.

Not many studies have used VTS procedures so far

when investigating age-related differences, and those that

we have discussed before, have not looked at switch-cost

asymmetries. Studies investigating voluntary switching

between dominant and non-dominant language may add

some additional insights. These studies reported no switch-

cost asymmetry for language switching when testing chil-

dren (Gross & Kaushanskaya, 2015) or older adults (Gollan

& Ferreira, 2009, Experiment 3). Gollan and Ferreira

suggested that the reason why they failed to replicate

asymmetric language-switching costs previously reported

in studies using cued task-switching procedures (Costa &

Santesteban, 2004; Meuter & Allport, 1999; Philipp, Gade,

& Koch, 2007) might be due to differences between the

mechanisms underlying the two task-switching procedures.

This explanation is empirically supported by neuroimaging

studies providing evidence for differentiation of control

mechanisms involved in voluntary and cued task switching

(Forstmann, Brass, Koch, & von Cramon, 2006). Following

this line of reasoning, one could suggest that the reversed

switch-cost asymmetry observed in our study might be due

to the specifics of the VTS paradigm applied here. This

explanation is, however, difficult to accept given that some

previous studies using a VTS paradigm similar to the one

used here have reported classical switch-cost asymmetries

(Millington et al., 2013; Poljac et al., 2012; Yeung, 2010).

The question that remains to be addressed is: what is the

cognitive mechanism that can account for the observed

change in asymmetric switch costs across age. The current

study clearly does not allow for any specification of the

underlying mechanisms, but a possibly interesting expla-

nation arises from an observation of the reversal of the

classical switch-cost asymmetry by reducing the between-

task interference by either delaying the processing of the

easier task or by separating the response sets of the tasks

used (Yeung & Monsell, 2003b). Accordingly, one could

say that the classic switch-cost asymmetry (larger switch

costs when switching to the easier task of the pair) occurs

in situations of high between-task interference, whereas the

more intuitively expected asymmetry (larger switch costs

when switching to the harder task of the pair) happens in

conditions in which between-task interference is lowered.

Following this, we could speculate that the classic switch-

cost asymmetry (typically observed in student populations)

is a reflection of a still developing control mechanism that

manages between-task interference. At this stage, it is hard

to put forward cognitive mechanisms directly responsible

for the observed age-related switch-cost asymmetry mod-

ulations. Clearly, further studies are needed to help us

specify the actual cognitive mechanisms behind switch-

cost asymmetries and improve our understanding of their

development across age. What our study allows us to say is

that our findings of age-specific patterns in switch-cost

asymmetry suggest that in addition to investigating switch

costs, their asymmetries might also be an informative

measure for a better understanding of how translation of

task intentions into their corresponding actions varies

across age in VTS situations.

Two additional points deserve to be mentioned here.

The first point relates to the number of participants inclu-

ded in the study. It is possible that the numerical switch-

cost asymmetry in adolescents and emerging adults failed

to reach statistical significance due to an insufficient

number of participants. For this reason, we cannot exclude

the possibility that the age differences reported here are

less pronounced than they would have been if more par-

ticipants were included. Given the effect sizes found for

young (partial g2 = .219) and middle-aged adults (partial

g2 = .233) in our study, and assuming an alpha level of .05

and a statistical power of 80%, 31 participants are needed

per group for switch-cost asymmetry to reach statistical

significance (G*Power 3.1.9.2 software, Faul, Erdfelder,

Lang, & Buchner, 2007), whereas our four groups com-

prised 17–20 participants.

The second point is a methodological point and con-

siders the type of VTS paradigm used in the current study.

In our VTS paradigm, the choice of tasks was not explicitly

indicated by participants. Accordingly, we derived partic-

ipants’ task intentions from the hand they used to reply. In

such a paradigm, it is possible that the participants did not

always follow their task intentions established before a

stimulus was presented. However, given that the error

percentages were generally low (3%), it is reasonable to

expect that the trials in which intention following was

disrupted were not frequent. Also, it has been shown that

the space-bar VTS paradigm produces behavioural effects

similar to those observed when using a paradigm in which

task choice is explicitly indicated (Millington et al., 2013).

Nevertheless, we cannot exclude the possibility of intention

disruption, and moreover, we cannot specify the trials in

which this might have happened. Further research is nee-

ded to investigate if and how these two methodological

points might have affected the observations reported in the

current study.
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Conclusions and outlook

Collectively, the present study provides empirical evidence

for age differentiation at both the level of global task

intentions and the level of the implementation of task

intentions into the corresponding actions in voluntary task

switching. This age differentiations is in line with the idea

that different aspects of cognitive control processes are

affected by age at a different pace, suggesting that while

some cognitive control mechanisms that allow for multi-

tasking are changing in adolescence but are stable across

adulthood (task intentions), other mechanisms keep on

changing throughout emerging adulthood (intention

implementation).

Considering a broader perspective on multitasking, we

conjecture that the performance costs we report here

emerge as a result of a dynamic interplay between top–

down and bottom–up influences on information processing,

which together allow for flexible behaviour observed in

voluntary task-switching situations. Accordingly, we sug-

gest that these performance costs reflect limited cognitive

resources, with their efficiency being age dependent and

distinctively so for the two levels of cognitive control

processes we investigated here.
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proofreading the manuscript. Edita Poljac and Andrea Kiesel were

supported by a Grant awarded to Andrea Kiesel within the Priority

Program, SPP 1772 from the German Research Foundation (Deutsche

Forschungsgemeinschaft, DFG), Grant No. Ki1388-/7-1. Rianne

Haartsen was supported by a grant from the European Community’s

Horizon 2020 Program under Grant Agreement No. 642996

(BRAINVIEW). Ervin Poljac was supported by the Marie

Skłodowska-Curie mobility programme of the EU FP7 (REA Grant

Agreement No. 624080).

Compliance with ethical standards

Conflict of interest The authors declare to have no conflict of

interest. We agree to allow the journal to review the (raw) data if

requested.

Ethical approval All procedures performed in the present study

involve human participants and were in accordance with the ethical

standards of the institutional, national research committee, and with

the 1964 Helsinki declaration and its later amendments or comparable

ethical standard.

Informed consent Informed consent was obtained from all individ-

ual participants (and both their parents for the minors) included in the

study.

References

Allport, A., Styles, E. A., & Hsieh, S. L. (1994). Shifting intentional

set: Exploring the dynamic control of tasks. In C. Umilta & M.

Moscovitch (Eds.), Attention and performance XV: Conscious

and unconscious information processing (pp. 421–452). Cam-

bridge, MA: MIT Press.

Arbuthnott, K. D. (2008). Asymmetric switch cost and backward

inhibition: Carryover activation and inhibition in switching

between tasks of unequal difficulty. Canadian Journal of

Experimental Psychology, 62(2), 91–100. doi:10.1037/1196-

1961.62.2.91.

Arrington, C. M., & Logan, G. D. (2004). The cost of a voluntary task

switch. Psychological Science, 15(9), 610–615. doi:10.1111/j.

0956-7976.2004.00728.x.

Arrington, C. M., & Logan, G. D. (2005). Voluntary task switching:

Chasing the elusive homunculus. Journal of Experimental

Psychology. Learning, Memory, and Cognition, 31(4),

683–702. doi:10.1037/0278-7393.31.4.683.

Arrington, C. M., Weaver, S. M., & Pauker, R. L. (2010). Stimulus-

based priming of task choice during voluntary task switching.

Journal of Experimental Psychology. Learning, Memory, and

Cognition, 36(4), 1060–1067. doi:10.1037/a0019646.

Arrington, C. M., & Yates, M. M. (2009). The role of attentional

networks in voluntary task switching. Psychonomic Bulletin and

Review, 16(4), 660–665. doi:10.3758/pbr.16.4.660.

Barutchu, A., Becker, S. I., Carter, O., Hester, R., & Levy, N. L.

(2013). The role of task-related learned representations in

explaining asymmetries in task switching. PLoS One, 8(4),

e61729. doi:10.1371/journal.pone.0061729.

Best, J. R., & Miller, P. H. (2010). A developmental perspective on

executive function. Child Development, 81(6), 1641–1660.

doi:10.1111/j.1467-8624.2010.01499.x.

Bryck, R. L., & Mayr, U. (2008). Task selection cost asymmetry

without task switching. Psychonomic Bulletin and Review, 15(1),

128–134. doi:10.3758/Pbr.15.1.128.

Butler, K. M., Arrington, C. M., & Weywadt, C. (2011). Working

memory capacity modulates task performance but has little

influence on task choice. Memory and Cognition, 39(4),

708–724. doi:10.3758/s13421-010-0055-y.

Butler, K. M., & Weywadt, C. (2013). Age differences in voluntary

task switching. Psychology and Aging, 28(4), 1024–1031.

doi:10.1037/a0034937.

Butler, K. M., & Zacks, R. T. (2006). Age deficits in the control of

prepotent responses: Evidence for an inhibitory decline. Psy-

chology and Aging, 21(3), 638–643. doi:10.1037/0882-7974.21.

3.638.

Cepeda, N. J., Kramer, A. F., & de Sather, J. C. M. G. (2001).

Changes in executive control across the life span: Examination

of task-switching performance. Developmental Psychology,

37(5), 715–730. doi:10.1037//0012-1649.37.5.715.

Clapp, W. C., & Gazzaley, A. (2012). Distinct mechanisms for the

impact of distraction and interruption on working memory in

aging. Neurobiology of Aging, 33(1), 134–148. doi:10.1016/j.

neurobiolaging.2010.01.012.

Clapp, W. C., Rubens, M. T., Sabharwal, J., & Gazzaley, A. (2011).

Deficit in switching between functional brain networks underlies

the impact of multitasking on working memory in older adults.

Proceedings of the National academy of Sciences of the United

States of America, 108(17), 7212–7217. doi:10.1073/pnas.

1015297108.

Cohen, A. O., Breiner, K., Steinberg, L., Bonnie, R. J., Scott, E. S.,

Taylor-Thompson, K., & Casey, B. J. (2016). When Is an

adolescent an adult? Assessing cognitive control in emotional

and nonemotional contexts. Psychological Science, 27(4),

549–562. doi:10.1177/0956797615627625.

Costa, A., & Santesteban, M. (2004). Lexical access in bilingual

speech production: Evidence from language switching in highly

proficient bilinguals and L2 learners. Journal of Memory and

Language, 50(4), 491–511. doi:10.1016/j.jml.2004.02.002.

Psychological Research

123

http://dx.doi.org/10.1037/1196-1961.62.2.91
http://dx.doi.org/10.1037/1196-1961.62.2.91
http://dx.doi.org/10.1111/j.0956-7976.2004.00728.x
http://dx.doi.org/10.1111/j.0956-7976.2004.00728.x
http://dx.doi.org/10.1037/0278-7393.31.4.683
http://dx.doi.org/10.1037/a0019646
http://dx.doi.org/10.3758/pbr.16.4.660
http://dx.doi.org/10.1371/journal.pone.0061729
http://dx.doi.org/10.1111/j.1467-8624.2010.01499.x
http://dx.doi.org/10.3758/Pbr.15.1.128
http://dx.doi.org/10.3758/s13421-010-0055-y
http://dx.doi.org/10.1037/a0034937
http://dx.doi.org/10.1037/0882-7974.21.3.638
http://dx.doi.org/10.1037/0882-7974.21.3.638
http://dx.doi.org/10.1037//0012-1649.37.5.715
http://dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
http://dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
http://dx.doi.org/10.1073/pnas.1015297108
http://dx.doi.org/10.1073/pnas.1015297108
http://dx.doi.org/10.1177/0956797615627625
http://dx.doi.org/10.1016/j.jml.2004.02.002


Cragg, L., & Chevalier, N. (2012). The processes underlying

flexibility in childhood. The Quarterly Journal of Experimental

Psychology, 65(2), 209–232. doi:10.1080/17470210903204618.

Craik, F. I. M., & Bialystok, E. (2006). Cognition through the

lifespan: Mechanisms of change. Trends in Cognitive Sciences,

10(3), 131–138. doi:10.1016/j.tics.2006.01.007.

Crone, E. A., Wendelken, C., Donohue, S., van Leijenhorst, L., &

Bunge, S. A. (2006). Neurocognitive development of the ability

to manipulate information in working memory. Proceedings of

the National Academy of Sciences, 103(24), 9315–9320. doi:10.

1073/pnas.0510088103.

De Jong, R. (1995). Strategical determinants of compatibility effects

with task uncertainty. Acta Psychologica, 88(3), 187–207.

doi:10.1016/0001-6918(94)E0067-P.

Demanet, J., Verbruggen, F., Liefooghe, B., & Vandierendonck, A.

(2010). Voluntary task switching under load: Contribution of

top-down and bottom-up factors in goal-directed behavior.

Psychonomic Bulletin & Review, 17(3), 387–393. doi:10.3758/

Pbr.17.3.387.

Dibbets, P., & Jolles, J. (2006). The Switch Task for Children:

Measuring mental flexibility in young children. Cognitive

Development, 21(1), 60–71. doi:10.1016/j.cogdev.2005.09.004.

Eich, T. S., MacKay-Brandt, A., Stern, Y., & Gopher, D. (2016). Age-

based differences in task switching are moderated by executive

control demands. The Journals of Gerontology Series B:

Psychological Sciences and Social Sciences. doi:10.1093/

geronb/gbw117.

Ellefson, M. R., Shapiro, L. R., & Chater, N. (2006). Asymmetrical

switch costs in children. Cognitive Development, 21(2),

108–130. doi:10.1016/j.cogdev.2006.01.002.

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., & Posner, M.

I. (2005). The activation of attentional networks. NeuroImage,

26(2), 471–479. doi:10.1016/j.neuroimage.2005.02.004.

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power

3: A flexible statistical power analysis program for the social,

behavioral, and biomedical sciences. Behavior Research Meth-

ods, 39(2), 175–191. doi:10.3758/bf03193146.

Fischer, R., & Plessow, F. (2015). Efficient multitasking: Parallel

versus serial processing of multiple tasks. Frontiers in Psychol-

ogy, 6, 1366. doi:10.3389/fpsyg.2015.01366.

Forstmann, B. U., Brass, M., Koch, I., & von Cramon, D. Y. (2006).

Voluntary selection of task sets revealed by functional magnetic

resonance imaging. Journal of Cognitive Neuroscience, 18(3),

388–398. doi:10.1162/jocn.2006.18.3.388.

Gilbert, S. J., & Shallice, T. (2002). Task switching: A PDP model.

Cognitive Psychology, 44(3), 297–337. doi:10.1006/cogp.2001.

0770.

Gollan, T. H., & Ferreira, V. S. (2009). Should I stay or should I

switch? A cost–benefit analysis of voluntary language switching

in young and aging bilinguals. Journal of Experimental

Psychology. Learning, Memory, and Cognition, 35(3),

640–665. doi:10.1037/a0014981.

Goschke, T., & Dreisbach, G. (2008). Conflict-triggered goal

shielding: Response conflicts attenuate background monitoring

for prospective memory cues. Psychological Science, 19(1),

25–32. doi:10.1111/j.1467-9280.2008.02042.x.

Gross, M., & Kaushanskaya, M. (2015). Voluntary language switch-

ing in English-Spanish bilingual children. Journal of Cognitive

Psychology, 27(8), 992–1013. doi:10.1080/20445911.2015.

1074242.

Hoffmann, J., Kiesel, A., & Sebald, A. (2003). Task switches under

Go/NoGo conditions and the decomposition of switch costs.

European Journal of Cognitive Psychology, 15(1), 101–128.

doi:10.1080/09541440303602.
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Mittelstädt, V., Dignath, D., Schmidt-Ott, M., & Kiesel, A. (2017).

Exploring the repetition bias in voluntary task switching.

Psychological Research. doi:10.1007/s00426-017-0911-5.

Monsell, S. (2003). Task switching. Trends in Cognitive Sciences,

7(3), 134–140. doi:10.1016/s1364-6613(03)00028-7.

Monsell, S., Yeung, N., & Azuma, R. (2000). Reconfiguration of task-

set: Is it easier to switch to the weaker task? Psychological

Research, 63(3), 250–264. doi:10.1007/s004269900005.

Park, D. C., & Festini, S. B. (2017). Theories of memory and aging: A

look at the past and a glimpse of the future. The Journals of

Gerontology Series B: Psychological Sciences and Social

Sciences, 72(1), 82–90. doi:10.1093/geronb/gbw066.

Philipp, A. M., Gade, M., & Koch, I. (2007). Inhibitory processes in

language switching: Evidence from switching language-defined

response sets. European Journal of Cognitive Psychology, 19(3),

395–416. doi:10.1080/09541440600758812.

Poljac, E., & Bekkering, H. (2009). Generic cognitive adaptations to

task interference in task switching. Acta Psychologica, 132(3),

279–285.

Poljac, E., Haan, A., & Galen, G. P. (2006). Current task activation

predicts general effects of advance preparation in task switching.

Experimental Psychology, 53(4), 260–267. doi:10.1027/1618-

3169.53.4.260.
Poljac, E., Koch, I., & Bekkering, H. (2009). Dissociating restart cost

and mixing cost in task switching. Psychological Research,

73(3), 407–416. doi:10.1007/s00426-008-0151-9.

Poljac, E., Poljac, E., & Yeung, N. (2012). Cognitive control of

intentions for voluntary actions in individuals with a high level

of autistic traits. Journal of Autism and Developmental Disor-

ders, 42(12), 2523–2533. doi:10.1007/s10803-012-1509-9.

Poljac, E., & Yeung, N. (2014). Dissociable neural correlates of

intention and action preparation in voluntary task switching.

Cerebral Cortex, 24(2), 465–478. doi:10.1093/cercor/bhs326.

Reimers, S., & Maylor, E. A. (2005). Task switching across the fife

span: Effects of age on general and specific switch costs.

Developmental Psychology, 41(4), 661–671. doi:10.1037/0012-

1649.41.4.661.

Rogers, R. D., & Monsell, S. (1995). Costs of a predictable switch

between simple cognitive tasks. Journal of Experimental Psy-

chology: General, 124(2), 207–231.

Sanbonmatsu, D. M., Strayer, D. L., Medeiros-Ward, N., & Watson, J.

M. (2013). Who multi-tasks and why? Multi-tasking ability,

perceived multi-tasking ability, impulsivity, and sensation seek-

ing. PLoS One, 8(1), e54402. doi:10.1371/journal.pone.0054402.

Schel, M. A., Scheres, A., & Crone, E. A. (2014). New perspectives

on self-control development: Highlighting the role of intentional

inhibition. Neuropsychologia, 65, 236–246. doi:10.1016/j.neu

ropsychologia.2014.08.022.

Schneider, D. W., & Anderson, J. R. (2010). Asymmetric switch costs

as sequential difficulty effects. The Quarterly Journal of

Experimental Psychology, 63(10), 1873–1894. doi:10.1080/

17470211003624010.

Schuch, S. (2016). Task inhibition and response inhibition in older vs.

younger adults: A diffusion model analysis. Frontiers in

Psychology, 7, 1722. doi:10.3389/fpsyg.2016.01722.

Schuch, S., & Konrad, K. (2017). Investigating task inhibition in

children versus adults: A diffusion model analysis. Journal of

Experimental Child Psychology, 156, 143–167. doi:10.1016/j.

jecp.2016.11.012.

Terry, C. P., & Sliwinski, M. J. (2012). Aging and random task

switching: The role of endogenous versus exogenous task

selection. Experimental Aging Research, 38(1), 87–109. doi:10.

1080/0361073x.2012.637008.

Vandierendonck, A., Demanet, J., Liefooghe, B., & Verbruggen, F.

(2012). A chain-retrieval model for voluntary task switching.

Cognitive Psychology, 65(2), 241–283. doi:10.1016/j.cogpsych.

2012.04.003.

Verhaeghen, P., & Cerella, J. (2002). Aging, executive control, and

attention: A review of meta-analyses. Neuroscience and Biobe-

havioral Reviews, 26(7), 849–857. doi:10.1016/S0149-

7634(02)00071-4.

Wasylyshyn, C., Verhaeghen, P., & Sliwinski, M. J. (2011). Aging

and task switching: A meta-analysis. Psychology and Aging,

26(1), 15–20. doi:10.1037/a0020912.

Waszak, F., Hommel, B., & Allport, A. (2005). Interaction of task

readiness and automatic retrieval in task switching: Negative

priming and competitor priming. Memory and Cognition, 33(4),

595–610. doi:10.3758/bf03195327.

Wolff, N., Roessner, V., & Beste, C. (2016). Behavioral and

neurophysiological evidence for increased cognitive flexibility

in late childhood. Scientific Reports. doi:10.1038/srep28954.

Yeung, N. (2010). Bottom-up influences on voluntary task switching:

The elusive homunculus escapes. Journal of Experimental

Psychology. Learning, Memory, and Cognition, 36(2),

348–362. doi:10.1037/a0017894.

Yeung, N., & Monsell, S. (2003a). The effects of recent practice on

task switching. Journal of Experimental Psychology: Human

Perception and Perfomance, 29(5), 919–936. doi:10.1037/0096-

1523.29.5.919.

Yeung, N., & Monsell, S. (2003b). Switching between tasks of

unequal familiarity: The role of stimulus-attribute and response-

set selection. Journal of Experimental Psychology: Human

Perception and Performance, 29(2), 455–469. doi:10.1037/

0096-1523.29.2.455.

Zanolie, K., & Crone, E. A. (2017). Development of cognitive control

across childhood and adolescence. In J. Wixted (Ed.), The

Stevens’ handbook of experimental psychology and cognitive

neuroscience (Vol. 3). New York: Wiley. (in press).
Zanto, T. P., & Gazzaley, A. (2013). Fronto-parietal network:

Flexible hub of cognitive control. Trends in Cognitive Sciences,

17(12), 602–603. doi:10.1016/j.tics.2013.10.001.

Zelazo, P. D., Craik, F. I. M., & Booth, L. (2004). Executive function

across the life span. Acta Psychologica, 115(2–3), 167–183.

doi:10.1016/j.actpsy.2003.12.005.

Psychological Research

123

http://dx.doi.org/10.1111/j.1467-9280.2006.01781.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01781.x
http://dx.doi.org/10.1037/0096-3445.129.1.4
http://dx.doi.org/10.1037/0096-3445.129.1.4
http://dx.doi.org/10.1037/0278-7393.22.6.1423
http://dx.doi.org/10.1037/0278-7393.22.6.1423
http://dx.doi.org/10.1093/geronb/56.2.P88
http://dx.doi.org/10.1006/jmla.1998.2602
http://dx.doi.org/10.1006/jmla.1998.2602
http://dx.doi.org/10.1146/annurev.neuro.24.1.167
http://dx.doi.org/10.1080/17470218.2012.746381
http://dx.doi.org/10.1080/17470218.2012.746381
http://dx.doi.org/10.1007/s00426-017-0911-5
http://dx.doi.org/10.1016/s1364-6613(03)00028-7
http://dx.doi.org/10.1007/s004269900005
http://dx.doi.org/10.1093/geronb/gbw066
http://dx.doi.org/10.1080/09541440600758812
http://dx.doi.org/10.1027/1618-3169.53.4.260
http://dx.doi.org/10.1027/1618-3169.53.4.260
http://dx.doi.org/10.1007/s00426-008-0151-9
http://dx.doi.org/10.1007/s10803-012-1509-9
http://dx.doi.org/10.1093/cercor/bhs326
http://dx.doi.org/10.1037/0012-1649.41.4.661
http://dx.doi.org/10.1037/0012-1649.41.4.661
http://dx.doi.org/10.1371/journal.pone.0054402
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.022
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.022
http://dx.doi.org/10.1080/17470211003624010
http://dx.doi.org/10.1080/17470211003624010
http://dx.doi.org/10.3389/fpsyg.2016.01722
http://dx.doi.org/10.1016/j.jecp.2016.11.012
http://dx.doi.org/10.1016/j.jecp.2016.11.012
http://dx.doi.org/10.1080/0361073x.2012.637008
http://dx.doi.org/10.1080/0361073x.2012.637008
http://dx.doi.org/10.1016/j.cogpsych.2012.04.003
http://dx.doi.org/10.1016/j.cogpsych.2012.04.003
http://dx.doi.org/10.1016/S0149-7634(02)00071-4
http://dx.doi.org/10.1016/S0149-7634(02)00071-4
http://dx.doi.org/10.1037/a0020912
http://dx.doi.org/10.3758/bf03195327
http://dx.doi.org/10.1038/srep28954
http://dx.doi.org/10.1037/a0017894
http://dx.doi.org/10.1037/0096-1523.29.5.919
http://dx.doi.org/10.1037/0096-1523.29.5.919
http://dx.doi.org/10.1037/0096-1523.29.2.455
http://dx.doi.org/10.1037/0096-1523.29.2.455
http://dx.doi.org/10.1016/j.tics.2013.10.001
http://dx.doi.org/10.1016/j.actpsy.2003.12.005

	Task intentions and their implementation into actions: cognitive control from adolescence to middle adulthood
	Abstract
	Introduction
	Methods
	Participants
	Stimuli and tasks
	Procedure
	Design

	Results
	Percentages of task repetitions
	Choice time
	Reaction times
	Error rates

	Discussion
	Task intentions across age
	Task execution across age

	Conclusions and outlook
	Acknowledgements
	References




