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1 |  INTRODUCTION

Cognitive control is the ability to regulate thoughts and ac-
tions in accordance with internally maintained goals (Miller 
& Cohen, 2001). Acute stress has been hypothesized to im-
pair cognitive control processes (Gagnon & Wagner, 2016). 
However, the results of individual studies of the effects of 
acute stress on cognitive control have been mixed (see 
Shields et al., 2016 for a review). While some studies have 
found that acute stress enhances cognitive control, others 
have found decremental effects or no effects of acute stress 
on cognitive control. The results of a recent meta- analysis 
suggest that acute stress may impair working memory, cogni-
tive inhibition, and cognitive flexibility but enhance response 
inhibition (Shields et al., 2016).

One of the mechanisms by which acute stress could 
modify cognitive control is by altering cognitive control 

strategies. Prior research has investigated the effects of acute 
stress on cognitive control strategies engaged when switch-
ing between tasks (Steinhauser et  al.,  2007) or performing 
dual tasks (Plessow et al., 2012, 2017). However, the effects 
of acute stress on cognitive control strategies engaged while 
performing one task with a fixed goal/set of rules have not 
been systematically investigated.

The dual mechanisms of control (DMC) framework pro-
poses two types of cognitive control strategies: proactive and 
reactive (Braver,  2012; Braver et  al.,  2007). To our knowl-
edge, the effects of acute stress on proactive and reactive cog-
nitive control strategies have not previously been examined. 
Proactive control is engaged when goal- relevant information 
is actively maintained to optimally bias attention, perception, 
and response systems before the occurrence of a cognitively de-
manding event. With this strategy, behaviors can be continually 
adjusted to optimally complete goals. However, the constant 
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maintenance of goal information is highly resource consuming. 
Engagement of proactive control places significant demands on 
working memory capacity. A strong attentional focus is also re-
quired to maintain proactive control. Use of a proactive control 
strategy can result in response errors if someone prepares to 
make a response to a stimulus following a predictive cue but the 
stimulus is different than expected and the prepared response 
is no longer appropriate within the given context. In contrast, 
reactive control is engaged when goal- relevant information and 
attention are transiently activated when needed, such as fol-
lowing detection of a response cue. An advantage of a reactive 
control strategy is that it makes reduced demands on working 
memory and attentional resources compared to a proactive 
control strategy. However, because a reactive control strategy 
requires repeated activation of current goals rather than their 
continuous maintenance, it is highly response stimulus depen-
dent. For instance, if a response stimulus is not very salient, its 
ability to trigger reactivation of a goal could be disrupted. In 
addition, use of a reactive control strategy requires retrieval of 
contextual information important to a goal to inhibit contex-
tually inappropriate responses. Therefore, an individual using 
a reactive control strategy must take time to retrieve context 
information when a response stimulus is presented, which can 
result in relatively slow responses and an increased probability 
of making response errors if contextual information is inaccu-
rately retrieved.

The current study directly examined acute stress effects 
on proactive and reactive control strategies using objective 
strategy measurements derived from performance of the AX- 
Continuous Performance Test (AX- CPT) (Cohen et al., 1999; 
Gonthier et al., 2016; Rosvold et al., 1956). We hypothesized 
that participants exposed to an acute stressor would demon-
strate less frequent use of a resource- demanding proactive 
strategy and more frequent use of a reactive strategy than 
controls. We also examined the relationships between sub-
jective, cortisol, and heart rate stress responses and use of 
proactive and reactive control strategies.

2 |  MATERIALS AND METHODS

2.1 | Participants

Sixty- eight healthy young adults participated in this study (mean 
age = 20.3, SD = 3.2, range = 18 –  32). Sample size was deter-
mined by results from a previous study examining the impact of 
the Trier Social Stress Test (TSST) on physiology (Buchanan 
et al., 2014), which showed an effect size of Cohen's f = 0.42 
for a cortisol response to the TSST. The required sample size to 
detect such a difference is n = 14 per group, which we exceeded 
in the current investigation. An a priori power analysis to deter-
mine the appropriate sample size needed to test for group dif-
ferences in proactive and reactive control strategies could not 

be conducted due to a lack of prior research examining acute 
stress effects on proactive and reactive control strategies. We 
anticipated that a larger sample size would be needed to detect 
group differences in control strategy use, so a total of 68 partici-
pants were recruited. They were recruited from the Saint Louis 
University Psychology Department's research participant pool 
and the St. Louis, Missouri community. Data from one stress 
group participant were excluded from analyses due to lack of 
task effort. Data from another stress group participant were 
excluded from analyses due to an outlier level of salivary cor-
tisol (AUCi value (see below for calculation) greater than 2.5 
standard deviations from the stress group mean). This resulted 
in a total of 66 participants in the analyzed dataset (32 in the 
stress group, 34 in the control group, 21 females in each group). 
Participants were screened for neurological conditions, active 
psychiatric conditions, hormonal contraceptives, supplemental 
sex hormones, corticosteroid- based medications, and tobacco 
consumption. They were also screened for head injuries with 
loss of consciousness greater than 5 min. Females participated 
in the study when they were in the luteal phase of the menstrual 
cycle because females in this phase generally have compara-
ble cortisol stress responses to men (Kirschbaum et al., 1999; 
Kudielka & Kirschbaum, 2005). Participants were required to 
abstain from consuming sugary and/or caffeinated beverages 
and physical exercise starting 2  hr before the experimental 
session. They were also required to abstain from consuming 
food or drink starting 30 min before the experimental session. 
Participants received partial course credit or monetary compen-
sation for participation. Study procedures were approved by the 
Institutional Review Board of Saint Louis University, and in-
formed consent was obtained in accordance with its guidelines.

2.2 | Demographic, general self- efficacy, and 
perceived chronic stress data collection

Participants completed a demographic questionnaire that 
asked them to report their age, sex, years of education, and 
hours of sleep the previous night. Participants’ general self- 
efficacy was assessed using the New General Self- Efficacy 
Scale (NGSE; Chen et al., 2001) and their perceived chronic 
stress was assessed using the Perceived Stress Scale- 10 (PSS- 
10; Cohen et al., 1983). General self- efficacy and perceived 
chronic stress were examined as potential covariates for indi-
vidual differences analyses.

2.3 | Working memory tasks

Prior research has shown that individual differences in working 
memory capacity, as measured by operation and symmetry span 
tasks, are associated with individual differences in use of a pro-
active control strategy (e.g., Richmond et al., 2015; Wiemers 
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& Redick, 2018). Specifically, individuals with higher working 
memory capacity have been shown to use a proactive control 
strategy on the AX- CPT more frequently than individuals with 
lower working memory capacity. Therefore, working memory 
capacity was measured in this study as a potential covariate.

Participants performed shortened one block versions of 
the operation span (OSpan; Foster et al., 2015) and symmetry 
span (SymSpan; Foster et al., 2015) working memory capac-
ity assessments. Working memory capacity was measured by 
summing the number of letters recalled in the correct order 
across all trials of the OSpan task and summing the number 
of square locations recalled in the correct order across all tri-
als of the SymSpan task. These sums were standardized and 
averaged to form a working memory composite score that 
was used in data analyses.

Both the OSpan and SymSpan followed the procedures of 
Unsworth and colleagues  (2005), which required participants 
to respond within 2.5 standard deviations of their mean distrac-
tor task instruction phase response time to each distractor item 
during the testing phase. These time limits were used to reduce 
the likelihood that participants would intentionally rehearse the 
to- be- remembered items while performing the distractor tasks.

2.4 | Stressor and control tasks

Participants in the stress group completed the Trier Social 
Stress Test (see Kirschbaum et al., 1993 for details). Control 
group speech and arithmetic tasks were based on Het and 
colleagues’ (2009) placebo version of the TSST. Participants 
were given an emotionally neutral travel article and were 
instructed to read it silently to themselves during the 5- min 
preparation period. Participants were then required to sum-
marize the travel article aloud for 5  min. Next, they com-
pleted a 5- min arithmetic task during which they solved 
three- digit addition and subtraction problems on paper. 
Participants were seated at a table during all phases of the 
control tasks to encourage relaxed engagement with the tasks 
while minimizing sympathetic nervous system activity that 
would be triggered by standing. After communicating task 
instructions, the experimenter remained outside of the room. 
A video camera recorded participants to ensure task engage-
ment. Participants were instructed to speak into the video 
camera while giving their travel article summary.

2.5 | Measures of acute stress

2.5.1 | Subjective stress

Subjective stress was measured using visual analogue scale 
(VAS) stress ratings, which have previously been used in 
research and clinical practice (Barré et  al.,  2017; Lesage 

et al., 2012). Participants made their ratings on an electronic 
slider scale generated using Qualtrics software (Qualtrics, 
Provo, UT). The endpoints of the scale were labeled “no 
stress at all” and “very high stress”. Participants were asked 
to indicate on the slider scale how much stress they had expe-
rienced during the last 10 min. The scale recorded responses 
in the range of 0 to 100, with higher scores indicating higher 
perceived stress. The number corresponding to each posi-
tion on the slider scale was not visible to participants. VAS 
subjective stress ratings were collected immediately before 
(VAS1) and after (VAS2) the TSST or control tasks and im-
mediately after the AX- CPT (VAS3).

2.5.2 | Cortisol

Saliva was collected using Salivette collection tubes 
(Sarstedt, Nümbrecht, Germany). Participants chewed on a 
cotton pledget for 2 min and then returned it to the tube for 
each sample. Saliva samples were stored at −20°C until as-
sayed (Rohleder & Nater,  2009). Measurement of salivary 
cortisol was conducted via chemiluminescence assay (CLIA; 
IBL Hamburg, Germany)  in the laboratory of Dr. Clemens 
Kirschbaum, Technical University of Dresden, Germany. 
Intra- assay coefficients of variation were less than 10%. The 
lower sensitivity for cortisol is 0.5  nmol/l. Cortisol levels 
were assessed at three time points: immediately before (S1) 
and after (S2) the TSST or control tasks and immediately 
after the AX- CPT (S3).

2.5.3 | Heart rate

Heart rate (beats per minute) was measured using three 
electrocardiograph electrodes, one placed below the right 
collar bone, one placed below the left collar bone, and one 
placed on the left side of the torso slightly below the rib cage. 
Signals were recorded using a Biopac MP150 system (Biopac 
Systems, Santa Barbara, CA) with an ECG amplifier. Heart 
rate was recorded during a 5- min period before the TSST or 
control tasks (HR1), a 5- min period during the preparation 
portion of the TSST or control tasks (HR2), a 10- min pe-
riod during performance of the TSST or control tasks (HR3), 
and a 5- min period following performance of the AX- CPT 
(HR4). Mean heart rate was calculated over each recording 
period.

2.6 | AX- CPT cognitive control task

Cognitive control performance was assessed using a variant 
of the AX- Continuous Performance Test (AX- CPT) (Cohen 
et  al.,  1999; Gonthier et  al.,  2016; Rosvold et  al.,  1956; 
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Figure 1). At the beginning of each trial, a white letter cue 
(any letter except X, K, or Y1) was presented in the center of 
a black computer screen for 500  ms. Participants were in-
structed to press a key (“1”) with their right index finger 
when the letter cue was presented to indicate that they had 
detected it. The cue was followed by an inter- stimulus delay 
of 4,000  ms, during which a black blank screen was dis-
played. After the delay, a white letter probe (any letter except 
A, K, or Y) was presented in the center of the screen for 
500 ms. Participants were instructed to press the target key 
(“2”) with their right middle finger as quickly as possible 
whenever an X probe was presented after an A- cue. They 
were instructed to press the non- target key (“1”) with their 
right index finger as quickly as possible whenever a probe 
letter other than an X was presented or when an X probe was 
presented after a cue other than the letter A (e.g., A- H, B- X, 
H- L, etc.). Following the probe, three white asterisks were 
presented horizontally in the middle of a black screen during 
a 1,000 ms inter- trial delay. Participants were continuously 
informed of their performance during the task via auditory 
cues (i.e., no sound for a correct response, a two- toned “beep” 
for an incorrect response, and a “buzz” if they failed to re-
spond within a 1,000  ms time window). The AX- CPT in-
cluded four trial types: AX, AY, BX, and BY, where B 
represents a non- A letter cue and Y represents a non- X letter 
probe. The percentage of each trial type was chosen to ensure 
equal frequencies of A- cue and B- cue trials and equal fre-
quencies of X- probe and Y- probe trials: 40% AX, 10% AY, 

10% BX, and 40% BY (Richmond et al., 2015). The lower 
frequency of AY and BX trials was meant to promote prepo-
tent target responses to trials with A- cues and/or X- probes. In 
total, participants completed 200 AX- CPT trials (80 AX, 20 
AY, 20 BX, and 80 BY). Performance measures used in strat-
egy calculations included the proportion of hits (correct tar-
get probe responses), proportion of false alarms (incorrect 
target probe responses), and mean reaction time (RT; correct 
trials only) for each trial type.

2.7 | Calculated strategy measures

Proactive and reactive cognitive control strategies were not 
described to participants before they performed the AX- 
CPT. Therefore, this study assessed spontaneous use of 
these strategies. Multiple objective strategy measures were 
calculated based on AX- CPT task performance: A- cue bias, 
proactive behavioral index, and BX probe interference.  
A- cue bias is a signal detection bias measure calculated for 
AX and AY trials which assesses the general tendency to 
make target responses following an A- cue, regardless of the 
identity of the probe. Because the target probe letter (“X”) 
most frequently follows an A- cue, individuals using a pro-
active strategy prepare a target response when an A- cue ap-
pears. For AX trials, this response is correct. For AY trials, 
however, this response is incorrect. A- cue bias was calcu-
lated as 1/2 * [Z(H) + Z(F)] (Gonthier et al., 2016), with H 
representing the hit proportion for AX trials, F representing 
the false alarm proportion for AY trials, and Z representing 
the Z- transformation of the variables. Higher values indicate 

 1The letters K and Y were not used as stimuli in the AX- CPT due to the 
similarity of their visual appearance to the target letter X.

F I G U R E  1  AX- Continuous 
Performance Test (AX- CPT) design. “A” 
denotes an A- cue and “B” denotes a non- A 
cue (i.e., any non- A letter). “X” denotes an 
X- probe and “Y” denotes a non- X probe. 
Participants are instructed to make a target 
response to AX trials and to make a non- 
target response to all other trial types
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more frequent use of a proactive control strategy. To correct 
for hit rates equal to 1 or false alarm rates equal to 0, a log- 
linear correction [hit rate = (number of hits + 0.5)/(number 
of trials + 1) and false alarm rate = (number of false alarms + 
0.5)/(number of trials + 1)] and was applied to all AX hit and 
AY false alarm data prior to computing A- cue bias (Gonthier 
et al., 2016; Hautus, 1995).

The proactive behavioral index (PBI) is a normalized per-
formance difference score for AY and BX trials. Better per-
formance (lower error rates and/or faster reaction times) on 
BX trials relative to AY trials indicates more frequent use of 
a proactive control strategy. When using this strategy, partic-
ipants actively maintain contextual information provided by 
the cue during the delay period and prepare a target or non- 
target response. During B- cue trials, a non- target response is 
always appropriate when the probe appears. Thus, individu-
als using a proactive strategy prepare a non- target response in 
advance of the probe presentation and demonstrate relatively 
high accuracy and/or fast responses on BX trials. However, 
both target and non- target responses are valid options fol-
lowing an A- cue depending on the probe given. Because the 
target probe letter (“X”) most frequently follows an A- cue, 
individuals using a proactive strategy typically prepare a tar-
get response when an A- cue appears, resulting in relatively 
more frequent AY trial errors and/or slower AY trial reaction 
times.

On the other hand, poorer performance (higher error rates 
and/or slower reaction times) on BX trials relative to AY tri-
als indicates more frequent use of a reactive control strategy. 
When using this strategy, participants think back to the con-
text set up by the cue after the probe is presented to deter-
mine the correct response instead of preparing their probe 
response when the cue is initially presented. Given that cor-
rect responses to Y- probe trials (e.g., AY trials) are not cue 
context dependent, participants who frequently use a reactive 
strategy will perform relatively well (have lower error rates 
and/or faster reaction times) on AY trials. However, because 
correct responses on X- probe trials (e.g., BX trials) are de-
pendent upon the cue, participants who frequently use a reac-
tive strategy will demonstrate relatively poorer performance 
(higher error rates and/or slower reaction times) on BX trials 
due to incorrect (or slow) cue context retrieval.

The PBI was calculated as (AY –  BX)/(AY + BX) (Braver 
et al., 2009) for performance accuracy (false alarm propor-
tions) and RTs (mean RTs for trials with correct responses). 
Higher PBI values indicate more frequent use of a proactive 
control strategy. To correct for false alarm rates equal to 0, 
a log- linear correction [false alarm rate = (number of false 
alarms + 0.5)/(number of trials + 1)] was applied to AY and 
BX false alarms prior to computing PBI accuracy (Gonthier 
et al., 2016; Hautus, 1995).

BX probe interference (BX- PI) is a performance differ-
ence score for BX and BY trials. Worse performance (higher 

error rates and/or slower reaction times) on BX trials rela-
tive to BY trials indicates more frequent use of a reactive 
control strategy. Participants who frequently use a reactive 
strategy will perform relatively well (have lower error rates 
and/or faster reaction times) on BY trials because non- target 
responses are always correct for Y- probes and, therefore, cue 
context does not need to be retrieved after probe presentation. 
Participants who frequently use a reactive strategy will per-
form relatively poorly (have higher error rates and/or slower 
reaction times) on BX trials because correct responses to X- 
probes are dependent upon the cue, and cue context retrieval 
after probe presentation can result in incorrect or slow probe 
responses. In contrast, participants who frequently use a pro-
active strategy will perform relatively similarly on BX and 
BY trials. Participants using this strategy will actively main-
tain contextual information provided by the cue during the 
delay period and will prepare a correct and relatively rapid 
non- target response for both BX and BY trials. BX- PBI was 
computed as BX –  BY for both performance accuracy (pro-
portions of false alarms) and RTs (mean RTs for correct tri-
als). Higher values indicate more frequent use of a reactive 
control strategy.

2.8 | Procedure

Figure 2 presents the study timeline. Experimental sessions 
were conducted between the hours of 12:00 and 18:00 to 
control for the diurnal cycle of cortisol (Smyth et al., 1997; 
Weitzman et al., 1971). Following arrival in the laboratory, 
participants were asked whether they had adhered to the 
study day physical exercise and food and drink consumption 
restrictions. If so, they then read and signed an informed con-
sent document. If not, they were rescheduled to a later date. 
Participants then completed the New General Self- Efficacy 
(NGSE) questionnaire, the Perceived Stress Scale (PSS- 
10), the demographic questionnaire, the OSpan task, and the 
SymSpan task.

Participants were hooked up to the physiological record-
ing equipment 30 min after their arrival for the experimental 
session. A 5- min baseline heart rate recording was collected 
(HR1). Participants then completed a baseline VAS subjec-
tive stress rating (VAS1) and gave a baseline saliva sample 
(S1). Next, participants completed either the TSST or control 
tasks. Heart rate was recorded separately during the prepa-
ratory (HR2) and speech and arithmetic task (HR3) periods 
of the TSST or control tasks to record sympathetic nervous 
system activity. Immediately following the TSST or control 
tasks, participants gave their second subjective stress rating 
(VAS2) and saliva sample (S2). Participants then performed 
the AX- CPT. Immediately following its completion, partici-
pants provided a final VAS subjective stress rating (VAS3) 
and saliva sample (S3). A final 5- min heart rate recording 
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was then collected (HR4). Participants were subsequently 
disconnected from the heart rate recording equipment and 
debriefed.

2.9 | Data analysis

2.9.1 | Data transformation and imputation of 
missing data

Cortisol reactivity and heart rate were not normally distrib-
uted. Therefore, these data were transformed to log base 
10 units which resulted in final distributions that were nor-
mal. Transformed values were used in all data analyses. 
Raw data are presented in the figures to display the data in 
reference to their units of measurement. One male partici-
pant was missing HR1 data and one female participant was 
missing HR1 and HR2 data due to equipment malfunction. 
Both participants were in the stress group. Missing heart 
rate data were imputed via the expectation- maximization 
algorithm in SPSS (version 26) using multiple variables: 
sex, condition (stress, control), and non- missing heart rate 
measurements.

2.9.2 | Covariates

General self- efficacy, perceived chronic stress, and working 
memory capacity were examined as potential covariates for 

individual differences analyses by conducting Pearson prod-
uct moment correlations between these variables and AX- 
CPT performance variables (α = 0.05, two- tailed). General 
self- efficacy and perceived chronic stress were not signifi-
cantly correlated with any AX- CPT performance variables, 
and therefore were not used as covariates. Working memory 
capacity was significantly negatively correlated with AY 
trial errors (r66 = −0.41, p = 0.001) and PBI accuracy scores 
(r66 = −0.25, p = 0.045), and there was a trend toward a neg-
ative correlation with A- cue bias (r66 = −0.23, p = 0.065). 
Working memory capacity was also significantly positively 
correlated with subjective stress responses (VAS3- VAS1; 
r66 = 0.29, p = 0.017), and there was a trend toward a nega-
tive correlation with cortisol AUCi (r66 = −0.21, p = 0.099). 
However, there were no significant group differences in 
working memory capacity (control mean = 0.10, SD = 0.90; 
stress mean  =  −0.11, SD  =  0.74; t64  =  −1.05, p  =  0.297, 
Cohen's d  =  0.26). Therefore, working memory capacity 
was used as a covariate in individual differences analyses of 
the relationships between subjective, cortisol, and heart rate 
stress responses and AX- CPT task performance, but not in 
group analyses.

2.9.3 | Analyses of stressor efficacy

A group (stress, control) x time (VAS1, VAS2, VAS3) mixed 
analysis of variance (ANOVA) was conducted with VAS rat-
ings as the dependent variable to examine if the TSST had 

F I G U R E  2  Timeline of study procedure in minutes. NGSE, New General Self- Efficacy Questionnaire; PSS- 10, 10- Item Perceived Stress 
Scale; Dem, Demographic Questionnaire; OSpan, Operation Span Task; SymSpan, Symmetry Span Task; HR, Heart rate recording; S, Saliva 
sample; VAS, Visual Analogue Scale subjective stress rating; TSST, Trier Social Stress Test; Control, Control tasks; AX- CPT, AX- Continuous 
Performance Test
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a significant effect on subjective stress. A group (stress, 
control) x time (S1, S2, S3) mixed ANOVA was conducted 
with salivary cortisol as the dependent variable to determine 
whether the TSST had a significant effect on cortisol lev-
els. A group (stress, control) x time (HR1, HR2, HR3, HR4) 
mixed ANOVA was also conducted with heart rate as the 
dependent variable to determine whether the TSST had a sig-
nificant effect on heart rate. Planned contrasts (independent 
samples t- tests, α = 0.05, two- tailed) were conducted to test 
for significant group differences for each acute stress meas-
ure at each time point.

2.9.4 | Group analyses of acute stress effects 
on proactive and reactive control strategies

Two group (stress, control) x trial type (AX, AY, BX, BY) 
mixed ANOVAs were conducted to test for group differences 
in trial accuracy and reaction times. Planned independent 
samples t- tests were conducted to test for group differences 
in A- cue bias, PBI accuracy and RT, and BX- PI accuracy 
and RT.

2.9.5 | Individual differences analyses of the 
relationships between subjective, cortisol, and 
heart rate stress responses and proactive and 
reactive control strategies

Stress participants’ subjective stress responses during 
performance of the AX- CPT were calculated by subtract-
ing their ratings of their stress levels before performing 
the TSST (VAS1) from their ratings of their stress levels 
during performance of the AX- CPT (VAS  3). Stress 
 participants’ cortisol and heart rate stress responses  
were calculated using area under the curve with  
respect to increase (AUCi) (Pruessner et  al.,  2003) as 
AUC
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) with mi denoting 

single measurements, ti denoting the time distance be-
tween measurements, and n denoting the total number of 
measurements. AUCi was used to calculate the cortisol 
and heart rate stress responses because it takes into ac-
count total salivary cortisol output and heart rate re-
sponses over the course of the experimental points of 
interest. Partial correlations controlling for working 
memory capacity were conducted within the stress group 
between VAS 3 –  VAS 1, cortisol AUCi, and heart rate 
AUCi and calculated AX- CPT strategy measures to as-
sess whether individual differences in subjective, corti-
sol, and/or heart rate stress responses were associated 
with individual differences in use of proactive and reac-
tive control strategies. These partial correlations were 
multiple comparisons corrected using a false discovery 

rate (FDR) correction (α  =  0.05) (Benjamini & 
Hochberg, 1995).

2.9.6 | Exploratory analyses of sex differences 
in stress responses and the effects of acute stress 
on cognitive control strategies

Exploratory sex (female, male) x group (stress, control) 
ANOVAs were conducted to test for sex differences in 
stress responses (VAS3- VAS1, cortisol AUCi, and heart rate 
AUCi) and the effects of acute stress on calculated proactive 
and reactive control strategy measures.

3 |  RESULTS

3.1 | Participant characteristics

There were no significant differences between the numbers 
of females and males in the stress and control groups (fe-
male/male control = 21/13, stress = 21/11; χ2 (1, n = 66) 
= 0.11, p = 0.745). Groups also did not significantly differ 
in age (control mean = 20.6, SD = 3.4; stress mean = 19.9, 
SD = 2.8; t64 = −0.92, p = 0.360, Cohen's d = 0.23), years 
of education (control mean = 13.7, SD = 2.2; stress mean = 
13.3, SD = 1.8; t64 = −0.79, p = 0.433, Cohen's d = 0.19), 
or hours of sleep (control mean = 7.4, SD  =  1.4; stress 
mean = 7.4, SD  =  1.4; t64  =  −0.04, p  =  0.969, Cohen's 
d = 0.01).

3.2 | Stressor efficacy

Figure  3a shows the VAS subjective stress ratings 
for each of the three VAS data collection timepoints. 
Mauchly's test of sphericity indicated that the assump-
tion of sphericity had not been violated, χ2(2, n = 66) = 
2.85, p = 0.240. There was not a significant main effect 
of group (F1,64 = 1.67, p = 0.200, ηp

2 = 0.03). There was a 
significant main effect of time (F2,128 = 35.96, p = 0.000, 
ηp

2 = 0.36) and a significant group by time interaction 
(F2,128 = 24.04, p = 0.000, ηp

2 = 0.27). Planned independ-
ent samples t- tests revealed that stress group participants 
reported experiencing greater subjective stress during per-
formance of the speech and arithmetic tasks than control 
group participants (VAS2, t64 = 5.20, p = 0.000, Cohen's 
d = 1.28), which indicates that the TSST increased sub-
jective stress. Subjective stress ratings made at baseline 
(VAS1, t64 = −0.59, p = 0.560, Cohen's d = 0.14) and im-
mediately after performance of the AX- CPT (VAS3, t64 = 
−1.59, p = 0.117, Cohen's d = 0.39) did not significantly 
differ between groups.
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Figure  3b shows salivary cortisol levels for each of the 
three data collection timepoints. Mauchly's test of sphericity 
indicated that the assumption of sphericity had been violated, 
χ2(2, n = 66) = 35.70, p = 0.000, and therefore a Greenhouse– 
Geisser correction was applied. There were significant main 
effects of group (F1,64 = 7.85, p = 0.007, ηp

2 = 0.11) and time 
(F2,128 = 6.05, p = 0.009, ηp

2 = 0.09) and a significant group 
by time interaction (F2,128  =  8.45, p  =  0.002, ηp

2  =  0.12). 
Planned independent samples t- tests revealed that stress 
group participants had significantly higher cortisol levels 
immediately after the speech and arithmetic tasks than con-
trol group participants (S2, t64 = 3.60, p = 0.001, Cohen's 
d  =  0.89), and still had higher cortisol levels immediately 
after performing the AX- CPT (S3, t64  =  3.25, p  =  0.002, 

Cohen's d = 0.80), which indicates that the TSST induced a 
cortisol stress response. Cortisol levels did not significantly 
differ between groups at baseline (S1, t64 = 0.77, p = 0.447, 
Cohen's d = 0.19).

Figure 3c shows heart rate data for each of the four heart 
rate data collection timepoints. Mauchly's test of sphericity 
indicated that the assumption of sphericity had been violated, 
χ2(5, n = 66) = 35.48, p = 0.000, and therefore a Greenhouse– 
Geisser correction was applied. There were significant main 
effects of group (F1,64  =  5.81, p  =  0.019, ηp

2  =  0.08) and 
time (F3,192  =  56.04, p  =  0.000, ηp

2  =  0.47) and a signif-
icant group by time interaction (F3,192  =  8.28, p  =  0.000, 
ηp

2 = 0.11). Planned independent samples t- tests revealed that 
stress group participants had significantly higher heart rate 
levels than control group participants during the preparation 
period (HR2, t64 = 4.66, p = 0.000, Cohen's d = 1.15) and 
during performance of the speech and arithmetic tasks (HR3, 
t64  =  3.06, p  =  0.003, Cohen's d  =  0.75), which indicates 
that the TSST induced a heart rate stress response. Heart rate 
did not significantly differ between groups at baseline (HR1, 
t64 = 0.56, p = 0.580, Cohen's d = 0.14) or at the end of the 
study (HR4, t64 = −0.10, p = 0.920, Cohen's d = 0.03).

3.3 | Group analyses of acute stress effects 
on trial performance

AX- CPT error and RT data are presented in Table 1. AX- CPT 
task performance accuracy collapsed across all trial types was 
very high for participants in both the control (mean = 0.94, 
SD  =  0.04) and stress (mean = 0.95, SD  =  0.04) groups, 
and did not significantly differ between groups (t64 = 0.45, 
p = 0.651, Cohen's d = 0.25). Mauchly's test of sphericity for 
the mixed ANOVA of trial error rates indicated that the as-
sumption of sphericity had been violated, χ2(5, n = 66) = 61.80, 

F I G U R E  3  (a) Mean visual analogue scale (VAS) subjective 
stress ratings made at baseline (VAS1), immediately following 
the Trier Social Stress Test (TSST) or control tasks (VAS2), and 
immediately following the AX- Continuous Performance Test 
(AX- CPT) (VAS3). (b) Mean salivary cortisol levels at baseline 
(S1), immediately following the TSST or control tasks (S2), and 
immediately following the AX- CPT (S3). (c) Mean heart rate at 
baseline (HR1), during the preparation (HR2) and performance (HR3) 
periods of the TSST or control tasks, and at the end of the study (HR4). 
All participant data points are also plotted. bpm, beats per minute T A B L E  1  AX- CPT error proportions and reaction times

Control Stress

Errors

AX 0.08 (0.06) 0.07 (0.06)

AY 0.16 (0.12) 0.16 (0.10)

BX 0.04 (0.07) 0.03 (0.04)

BY 0.01 (0.02) 0.01 (0.02)

RTs

AX 349 (21) 348 (26)

AY 427 (29) 425 (30)

BX 313 (40) 312 (42)

BY 312 (33) 313 (35)

Note: Means (standard deviations).
Abbreviations: AX- CPT, AX- Continuous Performance Test; RTs, Reaction 
times.
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p = 0.000, and therefore a Greenhouse– Geisser correction was 
applied. There was not a significant main effect of group (F1, 

64 = 0.15, p = 0.696, ηp
2 = 0.00) or a group by trial interaction 

(F3,192 = 0.14, p = 0.860, ηp
2 = 0.00). There was a significant 

main effect of trial (F3,192 = 67.39, p = 0.000, ηp
2 = 0.51).

For the mixed ANOVA of trial RTs, Mauchly's test of 
sphericity indicated that the assumption of sphericity had 
been violated, χ2(5, n = 66) = 36.50, p = 0.000, and there-
fore a Greenhouse– Geisser correction was applied. There 
was not a significant main effect of group (F1,64 = 0.01, p = 
0.918, ηp

2 = 0.00) or a group x trial interaction (F3,192 = 0.03, 
p = 0.976, ηp

2 = 0.00). There was a significant main effect of 
trial (F3,192 = 378.07, p = 0.000, ηp

2 = 0.86).

3.4 | Group analyses of acute stress effects 
on calculated strategy measures

Calculated strategy measures for each group are shown in 
Table 2. There were no significant group differences in A- 
cue bias (t64 = 0.35, p = 0.731, Cohen's d = 0.09), PBI ac-
curacy (t64 = 0.24, p = 0.813, Cohen's d = 0.06), PBI RT 
(t64 = −0.07, p = 0.948, Cohen's d = 0.02), BX- PI accuracy 
(t64  =  −0.75, p  = 0.456, Cohen's d  =  0.19), or BX- PI RT 
scores (t64 = −0.20, p = 0.842, Cohen's d = 0.05). These re-
sults indicate that there were no significant group differences 
in use of proactive or reactive control strategies.

3.5 | Individual differences analyses of the 
relationships between subjective, cortisol, and 
heart rate stress responses and proactive and 
reactive control strategies

Partial correlations between subjective, cortisol, and heart rate 
stress responses and AX- CPT calculated strategy measures 
controlling for working memory capacity in stress group par-
ticipants are presented in Table 3 (see Table S1 for Pearson 
product moment correlations between these stress responses 
and AX- CPT calculated strategy measures in stress group 
participants not controlling for working memory capacity). 
Subjective stress responses were significantly positively 
correlated with BX- PI accuracy (Figure  4b) and BX- PI RT 
(Figure 4c). Subjective stress responses were also negatively 
associated with PBI RT (Figure 4a), but the partial correlation 
did not survive FDR correction. This pattern of results sug-
gests that higher subjective stress is associated with less fre-
quent use of a proactive control strategy and more frequent use 
of a reactive control strategy. Subjective stress responses were 
not significantly correlated with overall AX- CPT task perfor-
mance accuracy (r32 = −0.11, p = 0.552), suggesting that in-
dividual differences in overall AX- CPT task performance did 
not make a substantial contribution to individual differences 
in VAS ratings of subjective stress during performance of the 
AX- CPT. Cortisol stress responses were not significantly cor-
related with any calculated strategy measure. Heart rate stress 
responses were positively associated with A- Cue Bias, but the 
partial correlation did not survive FDR correction.

3.6 | Exploratory analyses of sex differences 
in stress responses and the effects of acute 
stress on cognitive control strategies

There were no significant main effects of sex (range 
F1,62  =  0.05 –  1.54, range p  =  0.220 –  0.831, range ηp

2 
= 0.00 –  0.02) or sex by group interactions (range 
F1,62  =  0.18 –  0.52, range p  =  0.475 –  0.673, range ηp

2 

T A B L E  2  Calculated AX- CPT strategy measures

Control Stress

A- Cue Bias 0.26 (0.26) 0.28 (0.27)

PBI Accuracy 0.47 (0.29) 0.49 (0.33)

PBI RT 0.16 (0.06) 0.16 (0.06)

BX- PI Accuracy 0.03 (0.07) 0.02 (0.04)

BX- PI RT 1 (21) 0 (21)

Note: Means (standard deviations).
Abbreviations: AX- CPT, AX- Continuous Performance Test; BX- PI, BX probe 
interference; PBI, Proactive behavioral index; RT, Reaction times.

Measures
VAS3 
–  VAS1 p

Cortisol 
AUCi p

HR 
AUCi p

A- Cue Bias 0.18 0.327 0.09 0.625 0.38 0.033*

PBI Accuracy −0.22 0.240 0.19 0.309 0.31 0.095

PBI RT −0.38 0.033* 0.01 0.964 0.28 0.129

BX- PI Accuracy 0.44 0.014*a −0.20 0.289 −0.13 0.481

BX- PI RT 0.42 0.019*a 0.08 0.662 −0.19 0.295

Abbreviations: AX- CPT, AX –  Continuous Performance Test; BX- PI, BX probe interference; HR, Heart rate; 
PBI, Proactive behavioral index; RT, Reaction times.
a Survives false discovery rate correction (α = 0.05).
* p < 0.05.

T A B L E  3  Partial correlations 
controlling for working memory capacity 
between stress group participants’ subjective 
stress responses during performance of the 
AX- CPT, cortisol stress responses, heart rate 
stress responses, and AX- CPT calculated 
strategy measures
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= 0.00 –  0.01) for VAS3- VAS1, cortisol AUCi, or heart 
rate AUCi. There were also no significant main effects of 
sex (range F1,62 = 0.02 –  1.76, range p = 0.190 –  0.884, 
range ηp

2 = 0.00 –  0.03) or sex by group interactions (range 
F1,62 = 0.29 –  2.07, range p = 0.155 –  0.594, range ηp

2 = 
0.01 –  0.03) for the calculated proactive and reactive con-
trol strategy measures.

4 |  DISCUSSION

Previous research has suggested that acute stress may alter 
multiple aspects of cognitive control (Shields et  al., 2016). 
Little is known, however, about the impact that acute stress 
may have on specific cognitive control strategies. This study 
investigated the effects of acute stress on use of proactive 
and reactive cognitive control strategies. The TSST was ef-
fective at producing stress responses in this study, as demon-
strated by higher ratings of subjective stress, higher salivary 
cortisol output, and increased heart rate in the stress group 
compared to the control group. While the stressor did not sig-
nificantly affect cognitive control strategy use at the group 
level, stress group participants’ subjective stress responses 
during performance of the AX- CPT were significantly cor-
related with proactive and reactive control strategy measures. 
To our knowledge, this is the first study to show that subjec-
tive stress responses during cognitive task performance fol-
lowing an acute stressor are associated with cognitive control 
strategy frequency.

We hypothesized that acute stress would decrease the 
frequency of proactive control strategy use and increase the 
frequency of reactive control strategy use in stress group 
participants relative to control group participants overall. 
However, we did not find any significant group differences 
in the calculated proactive and reactive control strategy 
measures. A potential reason for this is the substantial inter- 
subject variability in stress responses in this study. In addi-
tion, insufficient power may have limited detection of group 
differences in strategy use. An a priori power analysis could 
not be conducted to determine the appropriate sample size 
needed to test for group differences in proactive and reac-
tive control strategies due to a lack of prior research exam-
ining acute stress effects on proactive and reactive control 
strategies.

To our knowledge, this is the first study to explore whether 
individual differences in subjective stress responses during 
cognitive task performance following an acute stressor are 
associated with individual differences in strategy use. Higher 
subjective stress responses during performance of the AX- CPT 
were associated with less frequent proactive control strategy 
use and more frequent reactive control strategy use. This pat-
tern suggests that the subset of stress group participants who 
reported experiencing higher subjective stress while perform-
ing the AX- CPT than at baseline may have had a relatively 
more difficult time actively maintaining task- related goals and/
or cue context over the course of AX- CPT trials and conse-
quently were more likely to transiently re- activate task goals 
and/or retrieve cue context when the probe stimulus was pre-
sented than the subset of stress participants who did not re-
port experiencing higher subjective stress while performing 
the AX- CPT than at baseline. The association between higher 
subjective stress responses during performance of the AX- CPT 

F I G U R E  4  Scatterplots of the relationships between stress 
participants’ subjective stress responses (VAS3 –  VAS1) during 
the AX- Continuous Performance Test and (a) proactive behavioral 
index (PBI) reaction times (RT), (b) BX probe interference (BX- PI) 
accuracy, and (c) BX- PI reaction times (RT), controlling for working 
memory capacity
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and less frequent proactive control strategy use and more fre-
quent reactive control strategy use found in this study is gen-
erally consistent with the prior proposal that acute stress alters 
cognitive control strategies by inducing people to switch from 
using highly resource- demanding cognitive control strategies to 
less resource- demanding cognitive control strategies (Plessow 
et al., 2012; Steinhauser et al., 2007). This study extends prior 
research that found associations between acute stress expo-
sure and alterations in task- set reconfiguration (Steinhauser 
et al., 2007) and parallel processing (Plessow et al., 2012) cog-
nitive control strategies by finding an association between sub-
jective stress following an acute stressor and the frequency of 
proactive and reactive cognitive control strategies.

The specific mechanisms of the relationships between 
subjective stress and cognitive control strategy use found in 
this study are currently unknown. Subjective stress that con-
tinued throughout performance of the AX- CPT may have led 
to rumination about the stressors (e.g., how the participant 
did during the speech and/or arithmetic tasks) and/or decre-
ments in the attentional and/or working memory resources 
needed to effectively sustain proactive strategy use, resulting 
in participants switching to a reactive control strategy. Future 
research is needed to determine the mechanisms of subjective 
stress effects on proactive and reactive cognitive control strat-
egies. In addition, future research should explore whether in-
dividuals who experience high levels of subjective stress can 
no longer effectively use a proactive strategy during cognitive 
control tasks or if they can still use a proactive strategy but 
switch to using a reactive strategy because it is less resource 
demanding (Plessow et al., 2017).

Stress group participants’ cortisol and heart rate stress re-
sponses were not significantly associated with their use of 
proactive or reactive control strategies. Therefore, the results 
of this study suggest that physiological reactivity does not 
contribute to switches from a proactive to a reactive cognitive 
control strategy following an acute stressor. Interestingly, prior 
research on the effects of acute stress on strategic processes has 
found significant positive associations between salivary corti-
sol responses and behavioral measures of a parallel processing 
control strategy (Plessow et al., 2012) and a procedural learning 
strategy (Schwabe & Wolf, 2012), but not spatial learning strat-
egies (Schwabe et  al.,  2007). Future research is necessary to 
elucidate the key characteristics that determine which strategic 
processes are impacted by cortisol stress reactivity.

This study was not specifically designed to test for sex 
differences in stress responses or the effects of acute stress 
on proactive and reactive control strategies. We conducted 
exploratory sex difference analyses and did not find evidence 
of sex differences in stress responses or the effects of acute 
stress on proactive and reactive control strategies in this study. 
However, future studies need to be conducted with balanced 
sex distributions and larger sample sizes per sex to more de-
finitively test whether there are significant sex differences in 

the effects of acute stress on proactive and reactive control 
strategies.

A potential limitation of the current study was the time pe-
riod of the VAS rating of subjective stress experienced during 
performance of the AX- CPT (VAS3). This rating was given 
immediately after completion of the AX- CPT. Participants 
were asked to report how stressed they felt during the last 
10 min. This time duration was chosen to match the time dura-
tion of performance of the TSST and control speech and arith-
metic tasks and was used for all three VAS ratings. However, 
participants took approximately 30 min to complete the AX- 
CPT. This means that the VAS3 rating could be a more accu-
rate measure of subjective stress during the last few minutes 
of the AX- CPT than during the entire AX- CPT performance 
timeframe.

Another potential limitation of this study was the timing 
of the saliva measurements. Salivary cortisol levels typi-
cally peak 10 min after cessation of the TSST (Kirschbaum 
et al., 1993). In the current study, saliva samples were col-
lected immediately following the TSST and then immediately 
following the AX- CPT, a little over 30 min after stressor ces-
sation. Therefore, it is likely that we did not measure partici-
pants’ peak cortisol stress responses.

5 |  CONCLUSION

The current study is the first to directly examine acute stress 
effects on proactive and reactive cognitive control strate-
gies. Higher subjective stress responses during performance 
of the AX- CPT were associated with less frequent use of 
a proactive control strategy and more frequent use of a re-
active control strategy in young adults exposed to an acute 
stressor.
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