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Abstract Goals are often at the basis of human actions.

As an essential mechanism of behavioural adaptation,

individuals need to be able to flexibly implement new task

goals so as to alter their actions (switch tasks) in response

to contextual changes. The present study investigated the

effect of acute psychosocial stress on cognitive control

processes of flexible task-goal implementation with tem-

poral focus on the occurrence interval of the hypothala-

mus–pituitary–adrenal (HPA) stress response. For this,

forty-eight healthy volunteers were either challenged with

a standardised stress-induction protocol (the Trier Social

Stress Test) or underwent a standardised control situation.

Subsequently, they were exposed to a task-switching pro-

cedure with two tasks alternating in random order. Partic-

ipants of the stress group displayed increased salivary

a-amylase activity immediately after stress exposure as

well as elevations of salivary cortisol from 10 min after

stress cessation, reflecting the typical stress-related activity

increases in the sympathetic nervous system and the HPA

axis, respectively. At the time interval of elevated cortisol

levels, stressed individuals persistently showed larger per-

formance differences between task switches and task rep-

etitions (switch costs) than controls. This effect was

reliably evident when tested 5–20 min as well as

25–40 min following treatment cessation. These results

indicate that acute psychosocial stress impairs cognitive

control processes of flexible task-goal implementation

essential for voluntary goal-directed behaviour.
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Introduction

Human actions typically orient towards a particular goal or

intention. Any goal-directed behaviour relies on so-called

executive functions or cognitive control processes, that is, a

variety of processes that ensure successful goal attainment

by incorporating both intentions and context conditions at

all times (e.g., Miller and Cohen 2001; Norman and

Shallice 1986). First and foremost, goal-directed behaviour

requires maintaining and shielding the goal or intention in

question. Simultaneously, however, agents need to remain

flexible in terms of abandoning a current task goal in

favour of a new one whenever significant changes within

their external environment or internal context require

behavioural adaptation (e.g., Goschke 2000; Mayr and

Keele 2000). Thus, the flexible implementation of task

goals represents a pivotal process of efficient and suc-

cessful action control.

Neuroanatomically, task-goal implementation primarily

relies on (dorsolateral) prefrontal cortex (PFC) functioning

(e.g., MacDonald et al. 2000; Miller and Cohen 2001)

embedded in widespread neural networks comprising

closest interactions with other frontal cortical areas (e.g.,

Brass and von Cramon 2002) as well as subcortical brain

regions via a prefrontal-basal ganglia-thalamocortical cir-

cuit (e.g., Cools et al. 2001). For the experimental inves-

tigation of the cognitive control processes of task-goal
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implementation, the task-switching paradigm (e.g., Allport

et al. 1994; Rogers and Monsell 1995) has been frequently

employed in cognitive psychology studies. In a task-

switching setting, participants perform two different tasks

(i.e., respond to stimuli based on univocal stimulus–

response mappings) in an alternating sequence resulting in

trials in which the current task matches the previous one

(task repetition) and trials in which the current task differs

from the former one (task switch). A robust finding is that

responses are slower and less accurate when the task

switches compared to task repetition. This performance

difference is referred to as switch costs and is assumed to

reflect cognitive control processes that serve to implement

new task goals when required (for a recent review, see

Kiesel et al. 2010).

It has been well established that some neurological and

psychiatric conditions go along with impairments in flexi-

ble task-goal implementation, for example, Parkinson’s

disease (Cools et al. 2001), attention-deficit/hyperactivity

disorder (Cepeda et al. 2000), and anorexia nervosa

(Friederich and Herzog 2011). In contrast, within healthy

individuals, the integrity of these cognitive control pro-

cesses has rarely been questioned. Only recent studies

suggest that the ability to flexibly implement task goals

also depends on the individual’s current state since, for

example, acute total sleep loss resulted in impaired task

switching (Heuer et al. 2004; Bratzke et al. 2009). Even

less extreme and more naturalistic sleep disturbances

proved to affect task-switching ability. Minor but long-

term reductions of nighttime-sleep duration in new parents

were found to be associated with significant impairments of

task-goal implementation (Plessow et al. 2011b). Further-

more, Dreisbach and Goschke (2004) showed that mild

positive affect improves the flexible implementation of task

goals. As a conclusion, the ability to flexibly implement

task goals may not be unrestrainedly viable under all

conditions and thus less reliable than hitherto assumed.

Basic research is required to identify the factors affecting

the flexible task-goal implementation for two reasons:

First, accumulating evidence of modulators will gain a

deeper understanding of the addressed cognitive control

processes and stimulate theoretical work in the field. Sec-

ond, links for applied psychological science indicating

intervention needs will be provided.

As one of the most important factors affecting daily life,

stress has become ubiquitous in both work and private

modern life with significant effects on health and psycho-

logical functioning. Surprisingly, only few studies have

addressed the link between stress and task-goal imple-

mentation with rather inconclusive results. Steinhauser

et al. (2007) exposed participants to a task-switching pro-

cedure immediately after providing them with either low-

stress or high-stress intelligence-test tasks. In contrast to

the group that received the low-stress tasks, participants

who had previously performed the high-stress tasks did not

show the typical reduction of switch costs when sufficient

time for endogenous processes of task reconfiguration was

available suggesting that the applied stress impaired cog-

nitive control processes underlying flexible task-goal

implementation. Kofman et al., on the contrary, tested

students before and during an examination period and

found reduced switch costs indicating an improvement of

cognitive control processes of task-goal implementation

during the more stressful examination period (Kofman

et al. 2006; but see Liston et al. 2009). Whether these

conflicting results are associated with differences in the

physiological stress response or not remains elusive, since

neither study assessed stress markers.

As a first step towards the inclusion of stress-related

changes on the physiological level, the present study added

the assessment of the physiological stress response via bio-

logical stress markers to the hitherto assessed levels of

cognitive performance and subjective stress experience. The

present study thus aimed to extend previous research by

addressing the effect of acute psychosocial stress on cogni-

tive control processes of task-goal implementation by

building both reasoning and methodological implementation

upon a biological stress concept. From a biological per-

spective, an effect of acute stress on PFC-dependent cogni-

tive control processes is quite conceivable. When exposed to

stress, two major physiological response pathways are acti-

vated. First, stress triggers an immediate increase of sym-

pathetic nervous-system (SNS) activity that is associated

with increased catecholamine release. The consequential

high levels of catecholamines were repeatedly shown to

decrease firing of PFC neurons (e.g., noradrenaline via a1

and b1 receptors, cf. Ramos and Arnsten 2007; dopamine via

D1 receptors, e.g., Vijayraghavan et al. 2007). This rapid

stress response dissolves shortly after stress cessation. Sec-

ond, a more prolonged stress-induced increase of the hypo-

thalamus–pituitary–adrenal (HPA) axis activity leads to the

synthesis and release of glucocorticoids (mainly cortisol)

into the bloodstream (e.g., de Kloet et al. 2005). Glucocor-

ticoids pass the blood–brain barrier and bind to mineralo-

corticoid and glucocorticoid receptors. In addition to their

well established involvement in genomic stress effects, there

is now accumulating evidence for non-genomic signalling

via membrane-localised mineralocorticoid and glucocorti-

coid receptors (for a review, see Groeneweg et al. 2011).

Under normal conditions, glucocorticoids primarily bind to

mineralocorticoid receptors. Under conditions of high glu-

cocorticoid levels (e.g., stress) and thus occupied mineralo-

corticoid receptors, however, glucocorticoids mainly bind to

glucocorticoid receptors that are (among other brain regions)

evident in large numbers in the PFC (e.g., Perlman et al.

2007; Sanchez et al. 2000). As shown in neuroimaging
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studies, stress-induced increased glucocorticoid levels are

associated with alterations in prefrontal brain activity (e.g.,

Qin et al. 2009; Kern et al. 2008).

While SNS-mediated stress response and subjective

stress experience (e.g., increased arousal, worse mood) are

temporally linked, peak glucocorticoid levels are reached

when subjective stress levels are already back to baseline

levels (e.g., Plessow et al. 2011a). Because any perfor-

mance impairment can be considered most critical when

the individual concerned is not expecting it (e.g., in the

absence of both stressor and subjective stress experience),

we focused on the effect of a previously experienced acute

stressor on task-goal implementation during the occurrence

and continuation of the HPA-stress response after stress

cessation.

For the induction of acute psychosocial stress, we

applied the Trier Social Stress Test (TSST; Kirschbaum

et al. 1993), which proved to be the most powerful way for

reliably triggering both major stress responses in human

volunteers within a laboratory setting (cf. Dickerson and

Kemeny 2004). Half or our participants were challenged

with the TSST protocol, whereas the other half underwent a

standardised control situation (Het et al. 2009). Stress-

induction success was validated by analysing salivary

a-amylase (sAA) and salivary cortisol as markers of SNS

and HPA-axis activity, respectively (Kirschbaum and

Hellhammer 1994; Nater and Rohleder 2009). Subjective

stress levels were assessed using a standardised mood

questionnaire (Steyer et al. 1997) comprising the three

dimensions mood, arousal, and fatigue.

In order to explain stress effects on cognition, many

authors claim that stress depletes the available resources.

This assumption was proposed for both the cognitive pro-

cess level where stress-related information processing and

coping mechanisms bind resources (e.g., Hockey 1997) and

the neuroanatomical level where local brain activity as well

as functional connectivity between brain regions was found

to be reduced under stress (e.g., Qin et al. 2009; Liston

et al. 2009). In a theoretical model, Arnsten (2009) claims

that acute and uncontrollable stress induces a shift from

controlled top-down processes towards a higher impact of

automatic bottom-up processes based on phylogenetically

older brain areas. If less resources are available under

stress, the ability to flexibly implement task goals will be

impaired, particularly considering that these cognitive

control processes are highly capacity-demanding (Liefoo-

ghe et al. 2008). Therefore, the resource-depletion account

predicts larger switch costs under stress than under non-

stressful conditions.

In order to gain a more in-depth understanding of a

potential effect of stress on task-goal implementation, we

used a task-switching version that allows the simultaneous

measurement of a second cognitive control function,

namely stimulus-based interference control and thus

examine the impact of stress on that further aspect of

cognitive control. For this, we used the same target stimuli

and responses in both tasks while stimulus–response

mappings partially differed. As a consequence, targets that

require the same response in both tasks (congruent targets)

were easier to respond to (i.e., faster and more accurately)

than targets requiring different responses in the two tasks

(incongruent targets). This performance difference is

referred to as target-congruency effect (e.g., Meiran 1996)

and is interpreted as a measure of stimulus-based inter-

ference (and therefore interference control) from the cur-

rently irrelevant task on the conductance of the indicated

task (cf. Kiesel et al. 2007). Furthermore, we varied the

preparation time for the upcoming task by manipulating the

time interval between the cue that informed about the task

to be performed and the target stimulus (cue-target interval,

CTI). This served to examine whether a potential stress

influence occurs on all cognitive control processes

involved in task-goal implementation or whether the

potential stress influence addresses preparation-dependent

processes only (e.g., Steinhauser et al. 2007).

Finally, since we recently observed that acute stress

effects on cognitive control processes are closely linked to

the HPA-stress response time course (Plessow et al.

2011a), we chose to implement the task-switching proce-

dure in two parts. Thereby, part length was determined by

the minimum trial number required for reliable measure-

ment of all manifest variables and their interactions.

Between the two parts, neuroendocrine as well as sub-

jective stress measures were assessed. Each part covered a

different time interval of the prolonged HPA-stress

response, thus allowing to additionally examine the time

line of potential stress-related behavioural changes.

Methods

Participants

Forty-eight volunteers (24 male, 18–29 years; mean

age ± SD, 22.17 ± 2.72 years) participated in the study.

They were all healthy, medication-free, normally

weighted (as indicated by the body-mass index, BMI,

17 \ BMI \ 28; mean BMI ± SD, 21.79 ± 2.09) with

normal or corrected-to-normal vision. None of the partic-

ipants reported any acute or chronic stress. Since attenuated

physiological stress responses (i.e., lower stress-related

increase in free cortisol levels analysed from saliva sam-

ples) were found for both habitual smoking (e.g., Rohleder

and Kirschbaum 2006) and oral-contraceptive intake (e.g.,

Kirschbaum et al. 1999), all participants were non-smokers

and female volunteers did not use hormone-based birth
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control. The volunteers gave their written informed consent

prior to their inclusion in the study and received financial

compensation or course credits, respectively. The study

was approved by the local ethics committee and conducted

in accordance to ethical standards of the 1964 Declaration

of Helsinki.

Stress induction and stress validation

Volunteers were randomly assigned to a stress group or a

control group (12 men and 12 women per group). Partici-

pants of the stress group were challenged with the TSST

(Kirschbaum et al. 1993), a standardised stress-induction

protocol consisting of a public speaking and a mental

arithmetic task in front of a committee preceded by an

anticipatory period (total time: 15 min). Participants of the

control group were exposed to a standardised control sit-

uation featuring maximum similarity with the TSST while

lacking stress-inducing features (for details regarding the

procedure, see Het et al. 2009).

Saliva samples were collected with Salivette-sampling

devices (Sarstedt, Nümbrecht, Germany) at eight mea-

surement time-points (15, 5, and 1 min before and 1, 10, 20,

30, and 40 min after end of either treatment) for later

determination of sAA activity and cortisol levels. For sAA

analysis, we applied a quantitative enzyme-kinetic method

(cf. Rohleder and Nater 2009). Free cortisol levels were

obtained using a chemiluminescence immunoassay (IBL

International, Hamburg, Germany). Subjective stress levels

were assessed with the German ‘‘Mehrdimensionaler

Befindlichkeitsfragebogen’’ (multidimensional mental-state

questionnaire, MDBF; Steyer et al. 1997) that measures the

current mental state on three dimensions: good mood versus

bad mood, calmness versus restlessness, and alertness ver-

sus fatigue. The MDBF was given five times throughout the

session (15 and 1 min before and 1, 20, and 40 min after the

respective treatment). In contrast to all other measurement

time-points at which collecting the saliva sample and

completing the MDBF took place simultaneously, at mea-

surement time-point -1 min, participants first provided a

saliva sample and subsequently received the instruction for

the upcoming treatment. Immediately afterwards, they were

asked to answer the MDBF. Thus, they reported their cur-

rent mental state at a time point at which they already

anticipated the upcoming treatment situation (i.e., TSST or

standardised control situation).

Task switching

In an explicit-cuing version of the task-switching paradigm

(e.g., Meiran 1996), participants switched between the two

tasks to categorise single-digit numbers (1–9, except 5) as

smaller or larger than five or as odd or even, respectively.

Random task order led to two types of task transition, that

is, trials in which the task was identical to the former one

(repetition trials) and trials in which the task differed from

the previous one (switch trials), respectively. A cue (i.e.,

square or diamond) displayed at the beginning of each trial

indicated which task was to be performed. A square

instructed participants to categorise the target’s magnitude,

whereas a diamond indicated to categorise its parity. After

a CTI of either 200 ms (short CTI) or 1,000 ms (long CTI),

the target stimulus appeared. Participants responded left if

the target was smaller than five or odd and right if the

target was larger than five or even as fast and accurate as

possible. Using bivalent target stimuli and responses (i.e.,

the same targets and responses in both tasks while stimu-

lus–response mappings only partially concurred) allowed

for analysis of target-congruency effects. Whereas 1 and 3

required a left response in both tasks, and 6 and 8 were

consistently linked to the right response (congruent tar-

gets), 2, 4, 7, and 9 required different responses in the

magnitude and the parity task (incongruent targets).

Task cue and target stimulus were displayed until a

response occurred (3,600 ms maximum). Subsequently, a

feedback was provided for 300 ms. A correct response was

followed by a blank screen, an erroneous response by the

word ‘‘falsch’’ (false) together with an acoustic signal

(sinus tone) through headphones, a missing response by the

feedback ‘‘zu langsam’’ (too slow) combined with the tone.

Time lag between feedback offset and task-cue onset was

reversed to the subsequently following CTI providing a

constant response-target interval of 1,500 ms (cf. Meiran

1996).

Stimuli were centrally displayed white against black on

a 17-in. monitor connected to an IBM-compatible personal

computer. With a viewing distance of approximately

60 cm, task cues (i.e., square and diamond) had a side

length of 2.48� visual angle, and target stimuli (1–9, expect

5) extended 0.29� to 0.57� horizontally and 0.86� verti-

cally. Participants responded by pressing the ‘Alt’ and

‘AltGr’ key of a standard QWERTZ keyboard with the left

and right index finger, respectively. Presentation software

(version 0.71; Neurobehavioral Systems, Inc., Albany, CA,

USA) provided the basis for both stimulus presentation and

data recording.

Procedure

At first, a cognitive training with a total of 160 trials

introduced participants to the task-switching procedure and

aimed to minimise the occurrence of practice and learning

effects during cognitive testing after treatment. At 20 min

after arrival, participants underwent the treatment (i.e.,

TSST or standardised control situation). After a waiting

period of 5 min, the first part of cognitive testing followed
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(six blocks with 64 trials each = 384 trials). 25 min after

end of treatment, the second part of cognitive testing

started (six blocks with 64 trials each = 384 trials; total

number of test trials: 768). This ensured both an interim of

at least 5 min between both task-switching parts and a

standardised time lag between treatment offset and begin-

ning of the second cognitive test part for all participants

(total session duration: 90 min).

Testing took place between noon and 7 p.m. to minimise

variance due to circadian variations in stress-hormone

levels. Since previous studies revealed effects of instanta-

neous food and caffeine intake on the cortisol response to

stress when measured in saliva (Gonzalez-Bono et al. 2002;

Lovallo et al. 2006), participants were to refrain from

eating as well as consuming sugar- or caffeine-containing

drinks 2 h prior to testing. Because acute glucose avail-

ability represents a condition precedent for the stress-

induced increase of HPA-axis activity (Kirschbaum et al.

1997), we aimed to converge blood-glucose levels by

providing all participants with 200 ml grape juice at ses-

sion start.

Data analysis

One participant of the stress group was excluded from the

analysis because she did not follow the task-switching

instruction, that is, she constantly categorised target stimuli

with regard to their magnitude independent of the cue

presented. For the remaining 47 participants, repeated-

measures analyses of variance (ANOVAs) with the within-

subjects factor measurement time-point (eight or five lev-

els, respectively) and the between-subjects factor stress

(stress vs. no stress) were conducted on sAA, cortisol, and

total scores of the three MDBF dimensions, respectively to

analyse changes in physiological and subjective stress

levels over the session course. Both sAA and cortisol data

were previously logarithmised to base 10 to ascertain that

they meet the requirements of general linear model-based

statistics in terms of Gaussian distribution. Regarding task-

switching performance, the within-subjects factors task

transition (switch vs. repetition), CTI (short vs. long), tar-

get congruency (incongruent vs. congruent), and part (first

vs. second), and the between-subjects factor stress (stress

vs. no stress) were entered into repeated-measures ANO-

VAs on error rates and mean response times (RTs),

respectively. Thereby, all trials without a correct answer,

that is, trials with an incorrect or missing response, were

considered as errors. The first trial of each block as well as

post-error trials (6.23%) were excluded since it is unclear

whether they should be considered as switch trials or rep-

etition trials. For RT analysis only, both error trials

(4.30% = 4.16% incorrect ? 0.14% missing responses)

and RTs differing more than 2.5 standard deviations from

mean RT of each participant and condition (2.57%) were

additionally excluded. Greenhouse-Geisser correction was

applied where appropriate.

Results

Stress response

Neuroendocrine measures

As expected, the time course of salivary cortisol levels

differed between stress group and control group, F(7,

315) = 16.42, P \ .001, gp
2 = .27. Post hoc t tests

revealed higher cortisol levels in the stress group from

10 min after stress cessation throughout the remainder of

the session, all Ps \ .01. Although the overall time

course of sAA did not differ between groups, F(7,

315) = 1.53, P = .20, gp
2 = .03, separate analyses of

group differences showed higher sAA levels for stressed

participants than controls immediately after treatment

only (1 min), t(45) = 2.31, P \ .05, all other Ps C .29

(Fig. 1, top).

Mental state

Time courses of MDBF scores differed significantly

between stress group and control group for the two

dimensions good mood versus bad mood and calmness

versus restlessness, F(4, 180) = 5.65, P \ .01, gp
2 = .11

and F(4, 180) = 7.77, P \ .001, gp
2 = .15. Stressed par-

ticipants were in a worse mood immediately after stressor

offset only (1 min), t(45) = 3.74, P \ .01, all other

Ps C .09. Furthermore, they reported being more restless

after receiving instructions for the upcoming treatment

during the anticipatory period, t(45) = 3.17, P \ .01, as

well as directly after stress cessation (1 min), t(45) = 3.29,

P \ .01, all other Ps C .12. In addition, fatigue increase

emerged over time, F(4, 180) = 14.78, P \ .001,

gp
2 = .25, with similar changes and mean fatigue level in

both groups, F(4, 180) = 1.11, P = .34, gp
2 = .02 and

F \ 1 (Fig. 2).

Cognitive performance

Error rates

Task-switching performance The ANOVA revealed sig-

nificant main effects of task transition (switch: 5.78%,

repetition: 3.64%), F(1, 45) = 66.41, P \ .001, gp
2 = .60,

and target congruency (incongruent: 7.84%, congruent:

1.58%), F(1, 45) = 84.42, P \ .001, gp
2 = .65, as well as a

marginally significant effect of CTI (short: 4.95%, long:
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4.47%), F(1, 45) = 3.16, P = .08, gp
2 = .07. Task transi-

tion was further modulated by CTI, F(1, 45) = 9.83,

P \ .01, gp
2 = .18, target congruency, F(1, 45) = 28.66,

P \ .001, gp
2 = .39, and the combination of both, F(1,

45) = 4.42, P \ .05, gp
2 = .09, respectively. More pre-

cisely, switch costs (i.e., error rates in switch trials minus

error rates in repetition trials) were larger in trials with

short CTI (2.90%) than in trials with long CTI (1.39%) as

well as for incongruent targets (3.64%) compared to con-

gruent targets (0.65%). Moreover, the switch-costs differ-

ence between responses to incongruent targets and

responses to congruent targets was larger for trials with

short CTI (4.15%) compared to trials with long CTI

(1.84%). CTI and target congruency did not interact,

F \ 1.

Effects of acute psychosocial stress on task-switching

performance There was a significant interaction between

task transition and stress, F(1, 45) = 8.21, P \ .01,

gp
2 = .15, with increased switch costs in the stress group

(2.90% vs. 1.39% in the control group). This effect pri-

marily originated from error-rate differences in switch tri-

als (6.85% in stressed participants vs. 4.72% in controls),

t(45) = 2.03, P \ .05, rather than being driven by group-

dependent performance differences in repetition trials,

t(45) = 1.03, P = .31. The interactions target congruency

x stress, F(1, 45) = 2.55, P = .118, gp
2 = .05, and task

transition x target congruency x stress, F(1, 45) = 3.71,

P = .06, gp
2 = .08, did not reach significance level.

Moreover, stressed participants showed numerically larger

mean error rates than participants of the control group
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(5.40% vs. 4.02%). This main effect of stress on error rates,

however, failed to reach significance, F(1, 45) = 2.57,

P = .116, gp
2 = .05.

To additionally explore whether group differences in

task-switching performance result from the at least

numerically observed differences in mean error rates

between stressed individuals and controls, we conducted an

analysis of covariance (ANCOVA) comprising all factors

of the original ANOVA plus individual mean error rate as

covariate. Most importantly, the outcome confirmed the

significant interaction between task transition and stress,

F(1, 44) = 5.24, P \ .05, gp
2 = .11. At the same time,

however, for both target congruency x stress and task

transition x target congruency x stress, no statistical trends

remained, F \ 1 and F(1, 44) = 1.11, P = .30, gp
2 = .03,

suggesting that the former trends towards significant

thresholds may rather reflect a consequence of initial-level

dependency (Wilder 1962). Within the original analysis, no

further interaction of stress with one or more of the task

switching-related factors reached significance, Ps C .13.

Comparison of the two parts Overall task-switching

performance (i.e., without considering the factor stress) did

not differ between first and second cognitive testing part,

all Ps C 14. There was only a weak tendency for an

interaction between target congruency and part, F(1,

45) = 2.79, P = .10, gp
2 = .06, reflecting an increase of

the target-congruency effect from the first to the second

part. Although the stress effect on overall error rates was

larger in the first cognitive testing part (stress: 5.64%, no

stress: 3.58%) than in the second part (stress: 5.15%, no

stress: 4.46%), F(1, 45) = 4.05, P = .05, gp
2 = .08, the

effect of stress on switch costs remained stable over time,

F \ 1.

To further elaborate these findings, we repeated the

main analysis for the two parts separately. We again found

a significant interaction between task transition and stress

in both the first and the second cognitive testing part, F(1,

45) = 7.36, P \ .01, gp
2 = .14 and F(1, 45) = 4.17,

P \ .05, gp
2 = .09 (Fig. 1, bottom). At the same time,

ANOVAs showed a significant impact of stress on mean

error rates in the first part, F(1, 45) = 6.32, P \ .05,

gp
2 = .12, while no evidence for such an influence was

found for the second part, F \ 1. No further interactions

were revealed, Ps C 12. Mean error rates and standard

errors of the mean for all combinations of task transition,

CTI, target congruency overall as well as separately for the

two task-switching parts for the stress group and the con-

trol group, respectively, are presented in Table 1.

RTs

Task-switching performance RT analysis showed signif-

icant main effects of task transition (switch: 864 ms, rep-

etition: 740 ms), F(1, 45) = 84.10, P \ .001, gp
2 = .65,

CTI (short: 856 ms, long: 748 ms), F(1, 45) = 116.12,

P \ .001, gp
2 = .72, and target congruency (incongruent:

853 ms, congruent: 751 ms), F(1, 45) = 173.79, P \ .001,

gp
2 = .79. Switch costs were larger in trials with short CTI

(152 ms) compared to trials with long CTI (96 ms), F(1,

45) = 28.21, P \ .001, gp
2 = .39, as well as for incongru-

ent targets (135 ms) compared to congruent targets

(113 ms), F(1, 45) = 5.87, P \ .05, gp
2 = .12. The target-

congruency effect was larger in trials with short CTI

(115 ms) than in trials with long CTI (91 ms), F(1,

45) = 5.83, P \ .05, gp
2 = .12, while the three-way
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Fig. 2 Mental state on the three dimensions good mood versus bad

mood, calmness versus restlessness, and alertness versus fatigue

assessed with the German mood questionnaire ‘‘Mehrdimensionaler

Befindlichkeitsfragebogen’’ (multidimensional mental-state question-

naire, MDBF; Steyer et al. 1997) as a function of time (minutes before

or after treatment) for the stress group and the control group,

respectively. The mental-state measurement -1 took place directly

after instruction for the subsequent treatment (i.e., Trier Social Stress

Test or standardised control situation) within the anticipatory period.

Error bars represent standard errors of the mean. **P \ .01
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interaction between task transition, CTI, and target con-

gruency was not significant, F \ 1.

Effects of acute psychosocial stress on task-switching

performance Mean RTs as well as switch costs did not

differ between stressed participants and controls, both

Fs \ 1. The ANOVA only showed a tendency for a smaller

CTI effect in the stress group (89 ms) compared to the

control group (125 ms), F(1, 45) = 3.22, P = .08,

gp
2 = .07. This tendency seemed to arise from trials with

short CTI in which the stressed participants responded

faster (840 ms vs. 871 ms for controls) rather than trials

with long CTI (stress: 751 ms, no stress: 746 ms) as indi-

cated by numerical inspection. Importantly, this tendency

did not affect the interaction task transition by stress,

F \ 1. No further interaction between stress and one or

more of the task switching-related factors reached signifi-

cance, all Ps C .23.

Comparison of the two parts Analysis revealed a

decrease from the first task-switching part to the second

part in both mean RTs (first part: 825 ms, second part:

779 ms), F(1, 45) = 27.26, P \ .001, gp
2 = .38, and switch

costs (first part: 137 ms, second part: 111 ms), F(1,

45) = 12.37, P \ .01, gp
2 = .22. RT difference between

trials with short CTI and trials with long CTI was larger in

the first task-switching part (125 ms) than in the second

one (89 ms), F(1, 45) = 17.08, P \ .001, gp
2 = .28. No

further factors or factorial combinations (inclusive of all

interactions comprising the factor stress) were modulated

by part, Ps [ .05. Stress did not differentially affect mean

RT level in the two task-switching parts, F \ 1. Mean RTs

and standard errors of the mean for all combinations of task

transition, CTI, target congruency overall as well as sepa-

rately for the two task-switching parts for the stress group

and the control group, respectively, are provided in

Table 2.

Table 1 Error rates (%) for all combinations of task transition, cue-target interval (CTI), and target congruency for the stress group and the

control group overall as well as separately for task-switching part 1 and 2

Task

transition

CTI Target

congruency

Stress (n = 23) No stress (n = 24)

Overall Task-switching

part 1

Task-switching

part 2

Overall Task-switching

part 1

Task-switching

part 2

Switch Short Incongruent 12.31 (1.63) 12.80 (1.60) 11.82 (1.92) 9.00 (1.60) 7.85 (1.56) 10.14 (1.88)

Congruent 2.44 (0.44) 2.91 (0.53) 1.97 (0.54) 1.83 (0.43) 2.12 (0.52) 1.55 (0.53)

Long Incongruent 10.76 (1.33) 10.97 (1.35) 10.54 (1.52) 6.56 (1.30) 6.09 (1.33) 7.04 (1.48)

Congruent 1.88 (0.42) 1.94 (0.43) 1.82 (0.59) 1.48 (0.41) 1.16 (0.42) 1.79 (0.58)

Repetition Short Incongruent 5.74 (0.76) 5.69 (0.86) 5.79 (1.00) 5.62 (0.75) 4.39 (0.84) 6.86 (0.98)

Congruent 1.23 (0.36) 1.39 (0.39) 1.07 (0.50) 1.41 (0.36) 1.38 (0.39) 1.43 (0.49)

Long Incongruent 7.45 (1.00) 7.74 (1.10) 7.17 (1.23) 5.24 (0.98) 4.65 (1.08) 5.83 (1.21)

Congruent 1.37 (0.28) 1.71 (0.36) 1.03 (0.36) 1.04 (0.28) 1.03 (0.35) 1.06 (0.35)

N = 47

Values are given as means (standard errors of the mean)

Table 2 Response times (ms) for all combinations of task transition, cue-target interval (CTI), and target congruency for the stress group and the

control group overall as well as separately for task-switching part 1 and 2

Task

transition

CTI Target

congruency

Stress (n = 23) No stress (n = 24)

Overall Task-switching

part 1

Task-switching

part 2

Overall Task-switching

part 1

Task-switching

part 2

Switch Short Incongruent 983 (47) 1,009 (49) 956 (47) 1,012 (46) 1,051 (48) 973 (46)

Congruent 843 (41) 887 (47) 799 (38) 889 (40) 942 (46) 836 (37)

Long Incongruent 841 (45) 855 (48) 827 (44) 848 (44) 868 (47) 829 (43)

Congruent 747 (38) 778 (42) 715 (38) 749 (37) 756 (41) 742 (37)

Repetition Short Incongruent 812 (34) 832 (38) 793 (33) 846 (34) 875 (38) 818 (32)

Congruent 723 (33) 740 (37) 706 (31) 737 (33) 764 (37) 711 (30)

Long Incongruent 752 (37) 767 (39) 737 (37) 733 (36) 739 (38) 727 (36)

Congruent 663 (30) 672 (33) 655 (28) 653 (29) 663 (32) 644 (27)

N = 47

Values are given as means (standard errors of the mean)
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Discussion

The current study exposed healthy participants to acute

psychosocial stress (TSST; Kirschbaum et al. 1993) before

performing in a task-switching experiment (e.g., Meiran

1996) addressing the question of how acute psychosocial

stress affects cognitive control processes of flexible task-

goal implementation. As expected, the stress group dis-

played increased sAA activity immediately after stress

exposure and elevated cortisol levels from 10 min after

stress cessation throughout the remaining session. This

reflects the typical kinetic of immediate SNS-related and

prolonged HPA-mediated stress responses indicating suc-

cessful stress induction.

We here report evidence for a significant alteration of

task-switching performance after stress: The stress group

displayed larger error-related switch costs indicating less

efficiency of the cognitive control processes involved. In

other words, acute psychosocial stress impaired cognitive

control processes underlying the flexible implementation of

task goals as requirement for successful task switching.

This interpretation is further supported by the observation

that the switch-cost increase under stress primarily origi-

nated from stress-related performance changes for task

switches but not for task repetitions.

The larger switch costs in stressed individuals compared to

controls are unlikely to be explained in terms of a stress-

induced performance-criterion shift from favouring accurate

responses towards faster responses (i.e., a speed-accuracy

trade-off). If stress resulted in premature responding, stressed

individuals compared to controls should display (a) smaller

mean RTs, (b) increased error rates not only for task switches

but also for task repetitions, and importantly, (c) a higher

susceptibility (i.e., higher error rates) to automatic conflicting

response activations as particularly present in incongruent

trials, while showing unchanged or even decreased error rates

in conditions of corresponding response activations (i.e., in

congruent trials). Since none of these three predictions

derived from a performance-criterion shift-account was

confirmed within the present study, such an (explicit or

implicit) strategic performance change as the basis of the

observed performance pattern seems to be unlikely.

On the contrary, the findings rather point towards a

specific effect of acute stress on task performance. Stressed

individuals displayed larger switch costs suggesting a

stress-related impairment of a central cognitive control

function (i.e., flexible task-goal implementation). Such

cognitive control impairment under stress seems in line

with assumptions derived from the account of resource

depletion in conditions of stress (e.g., Arnsten 2009; Liston

et al. 2009) that postulates an action-control shift from

higher-order cognitive control functions to more habitual

stimulus-based control.

At the same time, however, stimulus-based interference

control, as indexed by the target-congruency effect, did only

numerically but not significantly differ between stress and

control group, and this difference was no longer visible

when controlling for mean error rates (see also Plessow

et al. 2011a; Wolf et al. 2001). Although interpretations of

none-effects have to be taken with caution and we cannot

exclude that an impact of acute stress on target congruency

could eventually become evident when operating with

considerably larger sample sizes, in the present study and

with a sample size sufficient to detect a substantial negative

impact of acute stress on flexible task-goal implementation,

no reliable modulation of stimulus-based interference con-

trol by stress could be revealed. Such a finding suggests

interesting theoretical implications: An insensitivity of

stimulus-based interference control to stress would be dif-

ficult to concur with the assumption of an unspecific general

decrease in PFC regulation in favour of reflexive bottom-up

processes primarily based on subcortical structures (cf.

Arnsten 2009). If stress negatively affected PFC function-

ing, all PFC-dependent functions should be impaired under

conditions of stress. Thus, a differential effect of acute

stress on cognitive control functioning would be more in

line with the idea of priority-dependent resource allocation

under stress (e.g., Hockey 1997) stating that some cognitive

processes may be deteriorated under stress while others may

not (depending on the amount of available resources as well

as the current internal and external context).

Pushing this hypothesis even further, it might be helpful

to consider characteristics of the two relevant outcome

measures (manifest variables) and related cognitive control

functions (according latent variables) assessed with the

applied cognitive task. Task-goal implementation and

interference control substantially differ in two aspects:

(a) the level of abstraction on which a conflict occurs and

needs to be resolved and (b) the processing period in

relation to stimulus presentation and behavioural response.

Interference control serves to reduce erroneous responses

resulting from stimulus-based automatic activation of the

corresponding response within the currently irrelevant task

(i.e., a particular stimulus-response link, e.g., Wendt and

Kiesel 2008). Task-goal implementation, however, aims at

prioritising the correct task set (i.e., the task-specific whole

sample of stimulus-response links). Hence, interference

control exerts its effect on the stimulus level, whereas the

implementation of a new task goal operates on the more

abstract task level. Clearly, at the current stage of research,

although exciting we can only speculate about the speci-

ficity of acute stress effects on distinct cognitive control

functions, and subsequent research is now required to

directly test this hypothesis.

In addition, it is interesting to note that although stressed

participants were subjectively stressed by the TSST as
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indicated by worse mood and more restlessness immedi-

ately after stress exposure, they did not differ from controls

in current mental state during the cognitive testing. Stress-

related performance decrements thus occurred in the

absence of subjective mood changes (see also Plessow

et al. 2011a). Moreover, since both mean fatigue level and

course of fatigue over time were similar in both groups,

psychological and physical exertion can also not account

for the revealed stress-related cognitive impairments.

Likewise, the observed stress effects were not gender-

specific indicating a universal impact of stress on cognitive

control processes of task-goal implementation.1

The increased switch costs in stressed individuals

compared to controls equally occurred in conditions of

short and long preparation time. This speaks against a

stress-induced impairment of preparation-dependent cog-

nitive control processes serving task-goal implementation.

This finding does not correspond with results of Steinha-

user et al. (2007) who showed an impact of acute stress

(previous processing of a high-stress intelligence-test tasks)

on task-switching performance specifically for conditions

of sufficient preparation time. However, a direct compari-

son of both studies has to be handled with caution, because,

first, stress induction substantially differed in both studies

and, second, RT measures and error rates in task switching

may not reflect the same underlying mechanisms (Altmann

and Gray 2008).

A further open question addresses the time course of

acute stress effects on PFC-dependent cognitive functions

(e.g., cognitive control). In the current study, the stress

induction led to an impairment of cognitive control pro-

cesses of task-goal implementation not only during testing

from 5 to 20 min after stressor offset but also at 25–40 min

subsequent to stress cessation. Thus, the observed effect is

rather persistent than transient and also occurred during

time intervals of elevated cortisol levels indicating

increased HPA-axis activity while stress-related increases

in SNS activity were already back to normal. Plessow et al.

(2011a) even demonstrated an effect of acute psychosocial

stress on cognitive control processes that only developed

with increasing time lag to the stressor. However, different

studies observed diverse time courses of acute stress effects

on PFC-dependent cognitive functions (e.g., Elzinga and

Roelofs 2005; Schoofs et al. 2008). Schoofs et al. (2008),

for example, investigated the impact of acute psychosocial

stress on PFC-dependent working-memory functions from

10 min after stress cessation and showed impaired cogni-

tive performance in the first two out of eight experimental

blocks only. Whereas in both studies the potential rele-

vance of the HPA-stress response for the development of

the stress-related behavioural effects is highlighted (sup-

ported by correlations between treatment-related cortisol

increase and performance-outcome measures), a substantial

performance difference between stressed individuals and

controls in Plessow et al.’s study was only observed during

a later time period at which the effects of Schoofs and

colleagues were no longer evident.

Besides fundamental differences in the investigated

cognitive parameters (i.e., measures of working-memory

and cognitive control functions, respectively), a critical

difference between the Schoofs et al. and the present

findings is the control for task practice. Whereas our par-

ticipants received extensive task training prior to treatment

in order to enable learning and confident application of task

rules in stress-free conditions (Plessow et al. 2011a), in the

study by Schoofs et al., participants engaged with the task

only after stress induction. Therefore, it is conceivable that

acute stress did not only affect the intended mechanism of

interest but also targeted practice-related mechanisms

involved in first task encounters (e.g., task-rule learning).

However, to date, research addressing the link between

acute stress and PFC-dependent cognitive functions (e.g.,

cognitive control) is in its early stage. Accordingly, the

current goal is to accumulate empirical evidence in order to

define the nature of this relationship (e.g., linear, inverted

U-shaped) as well as to gain a deeper understanding in the

highly complex neuro-modulation of multiple stress-sensi-

tive physiological systems that likely play part in the medi-

ation of the discussed effects (for recent reviews, see Arnsten

2009; Joels and Baram 2009). Thereby, the current study

protocol may serve as a well suited tool to study the under-

lying biological mechanisms in more detail by employing,

for example, pharmacological or invasive methods.
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