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Abstract
Effects of stressors on cognitive task performance have primarily been studied in isolation, and little is known about the 
combined effects of two or more stressors. This study examined how a metabolic stressor (skipping breakfast) and a sensory 
stressor (noise) affect cognitive task performance in isolation and combined. In addition to performance, we collected physi-
ological and subjective data to get insight in the underlying mechanisms. Twenty participants came to the lab twice, once 
after skipping breakfast, and once after a standardized breakfast. They performed runs of the 2-back task and the International 
Shopping List Task, which were alternately presented with and without noise. During the 2-back task, electrocardiography 
(ECG), electrodermal activity (EDA), and electroencephalography (EEG) were recorded. Subjective ratings on effort and 
stress were also collected. No interaction effects between the two stressors on cognitive performance were found. Skipping 
breakfast did not cause hypoglycemia, but resulted in subjective discomfort and a lower state of arousal (as indicated by lower 
heart rate and EDA). These may underly the trend for more missed responses on the 2-back task after breakfast skipping. 
Noise appeared to generate arousal and increased attention (reflected in higher EDA and P300) in accordance with higher 
experienced load and stress. This is consistent with less missed 2-back responses in noise conditions. The results indicate 
that individuals spent extra effort to maintain task performance in the presence of noise. We propose to use a model that, 
besides additional effort, takes the effect of stressors on performance into account.

Keywords Cognition · Workload · Noise · Hypoglycemia · Physiology

1 Introduction

In many professions, individuals have to perform cogni-
tive tasks under various physical or mental stressors, or a 
combination of these. One can think of military personnel, 
workers in the industrial production sector, or police offic-
ers working on challenging tasks while being exposed to 
different stressors, like noise, psychological stress, thermal 
heat, or food deprivation during their work. The effect of 
these stressors on cognitive performance is often negative, 
but sometimes also positive (Paulus et al. 2009). A system-
atic review by Martin et al. (2019) indicates that there is a 

growing interest in the impact of environmental stressors on 
cognitive performance.

Effects of environmental stressors on performance have 
usually been studied in isolation (for a review, see Adol-
phus et al. 2016; Szalma and Hancock 2011), and it has 
been argued that more research should focus on the effects 
of combined stressors (Tipton 2012; Lloyd and Havenith 
2016). There are only a few studies that investigated the 
effects of multiple stressors on human performance. For 
example, Lieberman et al. (2006) found cognitive decre-
ments when participants were exposed to a military relevant 
multi-stressor environment including food deprivation, sleep 
loss, and physical activity lasting for 84 h. The cognitive 
tasks involved simple attention tasks and a working memory 
task. However, they did not compare the effects of the indi-
vidual stressors to the multi-stressor environment, so that no 
interaction effects could be investigated. Other studies did 
examine interaction effects of two environmental stressors, 
but only on physical performance (Lloyd et al. 2015, 2016). 
They examined either cold or heat load in combination with 
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hypoxia (high altitude, 4100 m) and compared this to stress-
ors in isolation. They found reduced physical performance 
for both combinations, but the type of interaction differed 
between combined hypoxia and cold (additive) and hypoxia 
and heat (antagonistic). In theory, there are three different 
types of interactions possible: (1) additive, meaning the 
sum of the individual effects of each stressor, (2) synergis-
tic, meaning a larger combined effect than the sum of the 
individual stressors, and (3) antagonistic, meaning a smaller 
combined effect than the sum of the individual stressors 
(Lloyd and Havenith 2016). Although their studies focused 
on physical performance, the results are interesting, because 
they suggest that the interaction type depends on whether or 
not the two stressors share a common underlying mechanism 
(Lloyd et al. 2015). Combining stressors that share mecha-
nisms may result in synergistic or antagonistic interactions, 
while combining stressors with independent mechanisms 
results in additive effects. Interactions are also influenced 
by the magnitude of the effect of individual stressors. Mild 
stressors can add up, while the greater the impact of stress-
ors, the greater the trend for one stressor to mask the effect 
of the other stressor (Lloyd and Havenith 2016).

The objective of this study is to explore the effects of 
a combination of two stressors on cognitive performance. 
We selected two stressors based on the assumption that they 
impact the human body through different mechanisms: a sen-
sory stressor and a metabolic stressor. The former comprised 
noise bursts during task execution, and the latter comprised 
skipping breakfast before the task. Although many different 
combinations of stressors are possible, the selected stressors 
have operational relevance. Noise bursts are commonly pre-
sent in professional environments. For example, workers in 
the industrial production sector or military personnel often 
operates in noisy environments, involving both exposures 
to long-duration noise and acute repetitive impulse noises 
(Yong and Wang 2015). Noise bursts generally impair cogni-
tive processes, such as attention and working memory (Mat-
thews et al. 2000). This has been attributed to a degradation 
of the information that is held in working memory through 
distraction by the task-irrelevant noise (Hockey 1986 in 
Szalma and Hancock 2011). The other stressor, skipping 
breakfast, is also relevant for professionals, such as military 
pilots who sometimes have to skip meals when missions 
are extended or workers in the industrial production sec-
tor who forget or skip a meal during a long work day. Two 
review studies have shown that breakfast consumption has 
an acute positive effect on cognition in healthy participants, 
specifically on memory, attention, and executive functioning 
(Adolphus et al. 2016; Galioto and Spitznagel 2016). Skip-
ping breakfast can lead to a hypoglycemic situation (Gali-
oto and Spitznagel 2016), leaving insufficient energy for the 
brain to function optimally. Memory, one of the main aspects 
of cognition, is associated with medial temporal and mainly 

the hippocampal regions of the brain, which are known to be 
vulnerable to hypoglycemia (Benton and Parker 1998). Also, 
sensations of hunger and stress may cause low motivation to 
perform a cognitive task (Hoyland et al. 2009).

In addition to examining the effects of the combination of 
stressors on cognitive task performance, we collected sub-
jective and physiological data to get insight into underlying 
mechanisms. This arises from the idea that physiological 
states influence cognition (Critchley and Garfinkel 2018). 
Combining performance, physiological, and subjective 
measures of mental effort and workload contributes to a 
more complete understanding of the individual’s state as 
compared to performance alone. For instance, task perfor-
mance may not be affected by a stressor, but this does not 
necessarily mean that the stressor does not have an effect—
individuals may spend more effort to maintain performance 
level. Higher mental effort, or workload, is related to a 
decrease of the parasympathetic activity of the autonomic 
nervous system, which can be viewed as the “rest and recov-
ery” system and an increase in sympathetic activity, or the 
“fight or flight” system (Mulder and Mulder 1987). Also 
measures of central nervous system activity, for example 
obtained through the electroencephalogram (EEG), are 
reflective of higher mental effort (Brouwer et al. 2012). We 
chose a broad range of physiological measures that reflect 
changes in these central and autonomic nervous systems, 
which may be expected to underly processes that relate to 
(maintaining) cognitive performance, such as attention and 
arousal. These measures are explained in more detail in the 
method section.

2  Method

2.1  Participants

Twenty-one participants took part in this study, of which 
20 completed the whole study. They were recruited through 
the TNO participant pool or acquainted with one of the test 
leaders. An approval for this study was granted by the TNO 
Internal Review Board (reference number: 2019-011). All 
participants gave written informed consent. Participants 
were aged between 18 and 55 years (mean age 39.9 years) 
and 11 of them were male.

2.2  Materials

2.2.1  Cognitive task performance

For each of two test days, participants performed 16 times a 
2-min 2-back task (Kirchner 1958). This task required par-
ticipants to watch a sequence of letters on a computer moni-
tor. For each letter, participants pressed one of two different 
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buttons, depending on whether the letter was a target or a 
non-target. A letter was a target when it was the same as 
the letter presented two positions earlier. 33% of the letters 
were targets. Each letter was presented for 500 ms followed 
by a 1500 ms inter-stimulus interval. Thus, 62 letters were 
presented in each 2-min run of which the last 60 were used 
to analyze performance. Task performance was measured by 
means of reaction time after each letter, the number of cor-
rect responses (computed only for the responses where a but-
ton was pressed), and the number of missed responses (i.e., 
responses where no button was pressed). A 2-back version 
was chosen, because many participants find the 3-back task 
too difficult, get overwhelmed, and tend to give up (Izzetoglu 
et al. 2007; Ayaz et al. 2007).

A Dutch version of the International Shopping List Task 
(ISLT; Thompson et al. 2011) was used to measure verbal 
list learning and memory. The ISLT challenged participants 
with immediate and delayed recall of 12 words in random 
order (free recall). Computer software presented the words 
to the test leader who immediately read these words to the 
participant. Words were presented to the test leader at a rate 
of one word per 2 s. After the 12 words, the participants 
were asked to recall as many words as they could remember 
(immediate recall). The same list, followed by immediate 
recall, was repeated a total of three times. After approxi-
mately 20 min, participants were asked to recall the same 12 
words (delayed recall). Task performance consists of total 
number of immediate recalled words (total recall, range 
0–36) and the words recalled during the delayed recall trial 
(range 0–12).

2.2.2  Subjective questionnaires

Feelings of hunger were measured with a visual analogue 
scale (VAS) at the time of arrival on both test days. This 
VAS scale runs from 0 (‘not at all’) to 100 (‘extremely’). 
This scale was used as manipulation check for skipping 
breakfast. After each 2-min run, the participants rated their 
experienced stress on a VAS, and their subjective mental 
effort on the Rating Scale of Mental Effort (RSME) (Zijlstra 
and van Doorn 1985). The RSME scale ranges from 0 to 
150, with higher values reflecting higher workload. It has 
nine descriptors along the axis, e.g., ‘not effortful’ at value 
2 and ‘rather effortful’ at value 58.

2.2.3  Physiological measurements

During the 2-back task, electrocardiography (ECG), electro-
dermal activity (EDA), and electroencephalography (EEG) 
were recorded. Both heart rate, derived from ECG, and EDA 
increase with working memory load; heart rate variability, 
also derived from ECG, decreases with working memory load 
(Brouwer et al. 2014). EDA is a robust indicator of arousal 

(Mendes 2009). The individual’s state is also reflected by 
changes in electrical brain activity (EEG). The P300 compo-
nent of an event-related potential (ERP) reflects attentional and 
working memory processes (Polich 2007). A higher ampli-
tude indicates attention to the evoking events (Wild-Wall et al. 
2011; Evans et al. 2011). The alpha activity (power in the EEG 
8–12 Hz band) has been associated with active inhibitory 
mechanisms (Brouwer et al. 2009), idling (Pfurtscheller et al. 
1996), and default mode brain activity (Laufs et al. 2003; Jann 
et al. 2009). This suggests that alpha would reflect different 
levels of workload, with high alpha being inversely related 
to levels of workload (Fink et al. 2005; Brouwer et al. 2012). 
Another EEG frequency band related to workload processes 
is theta activity (power in the EEG 4–8 Hz band) and can 
be an indication of increasing task requirements (Jensen and 
Tesche 2002).

ECG, EDA, and EEG were all recorded at 1024 Hz using an 
ActiveTwo Mk II system (Biosemi, Amsterdam, The Nether-
lands), such that variables are stored together with event codes 
of experimental events in one, synchronized data matrix. For 
ECG, two active gelled Ag–AgCl electrodes were placed at 
the right collarbone and lowest floating left rib. For EDA, two 
passive gelled Nihon Kohden electrodes were placed on the 
ventral side of the distal phalanges of the left middle and index 
finger on the hand that was not used for pressing the response 
keys. EEG was recorded with 32 active Ag–AgCl electrodes, 
placed on the scalp in the standard 10–20 arrangement (Jasper 
1958), together with a common mode sense active electrode 
and driven right leg passive electrode for referencing. These 
two electrodes form a feedback loop that replace the ground 
electrode common in other EEG systems, but have the same 
basic function of being an electrical reference for the other 
electrodes. The electrode impedance threshold was set at 20 
kOhm.

2.2.4  Glucose and cortisol

Prior to cognitive testing, the level of blood glucose was 
assessed using a finger prick blood sample. The finger prick 
was done approximately 180 min after having breakfast (or 
not). In addition to the subjective hunger ratings, this meas-
ure was used as manipulation check for skipping breakfast. 
The Bayer Contour TS system was used for determining the 
amount of glucose in blood. Salivary cortisol was determined 
on awakening as well as 30 and 45 min after awakening, and in 
the laboratory on arrival and at the end of the experiment. The 
cortisol analysis will not be discussed in this article.

2.3  Design

The design was a within-subjects 2 × 2 design: noise (noise 
bursts, no-noise bursts) × breakfast (skipping breakfast, 
standardized breakfast).
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2.3.1  Breakfast

Participants came to the lab twice, once after skipping 
breakfast, and once after eating a standardized breakfast. 
The order of (skipping) breakfast was counterbalanced. The 
2 test days were at least 1 week apart. The condition ‘skip-
ping breakfast’ was operationalized as fasting from 8 pm the 
night before the test day. Drinking water was allowed. The 
standardized breakfast consisted of 150 g of plain quark, 
25 g of roasted nut mix, a pinch of cinnamon, and at least 
one glass of water (fat: 28 g, protein: 16.8 g, total carbohy-
drates: 6.9 g, and mono- and disaccharides carbohydrates: 
4.9 g). Participants were instructed to eat their breakfast at 
7:30 am. This was about 180 min before the cognitive tasks 
were completed. The reason for this is that positive effects 
of breakfast on cognitive performance are most often found 
at about 180 min after breakfast consumption (Adolphus 
et al. 2016). Participants in the breakfast condition were not 
allowed to eat anything else besides the standardized break-
fast from 8 pm the night before the test day. Drinking water 
was allowed.

2.3.2  Noise bursts

During each test day, participants performed the experiment 
in two blocks. Each block contained immediate- and delayed 
recall of the ISLT and eight runs of the 2-back task. The 
immediate recall task was performed once with noise bursts 
and once without noise bursts. The order of (no-)noise dur-
ing the ISLT was counterbalanced. 2-min runs were alter-
nately presented with and without white noise bursts played 
through speakers. Thus, eight runs were presented with noise 
bursts and eight runs without noise bursts (see Fig. 1). This 
order was also counterbalanced. In the noise run, 500 ms 
white noise burst (85 dB at random center frequencies at 

1000 Hz, 2000 Hz and 4000 Hz) were used as noise stimuli. 
They were presented together with two-thirds of the letters. 
Participants were informed in advance whether a run was 
with or without noise bursts.

2.4  Procedures

Participants were instructed to come to the lab twice, always 
on a weekday at 9 a.m. to avoid confounding circadian influ-
ences. Participants received a cortisol saliva set consisting 
of two pockets with each five saliva samples and a standard-
ized breakfast at home, which they had to eat at 7:30 am. 
They were instructed to collect three saliva samples on both 
test days. After entering the lab, participants were instructed 
about the procedures. Participants started the test day with a 
baseline saliva sample. Next, they performed a 10-min phys-
ical exercise on an ergometer (9:20 am), with the assumption 
that such physical activity would lower the blood glucose 
level even more after skipping breakfast. This exercise was 
done on both test days. During this exercise, the participant 
wore a heart rate band to control for physical exhaustion 
(heart rate higher than 220 beats per minute minus age). 
After a rest period, the EDA, ECG, and EEG sensors were 
attached. Next, all participants practiced the 2-back task at 
least four times and until the participants felt comfortable 
that they mastered the task. After this practice, a finger prick 
blood sample was taken (10:10 am), followed by a 5-min 
rest period. Then, the first ISLT was conducted, followed 
by eight times the 2-back task and the delayed recall of the 
ISLT (10:20 am). This was repeated twice. After perform-
ing each 2-min run of the 2-back task, the participants rated 
subjective mental effort on the RSME and stress on a visual 
analogue scale. At the end of the test day, the last saliva 
sample for cortisol measures was taken.

Fig. 1  Schematic depiction of the sequence of targets and non-targets in the 2-back task in a ‘noise’ and ‘no-noise’ run
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2.5  Data analysis

2.5.1  Pre‑processing

Data pre-processing was done with MATLAB 2019a soft-
ware (Mathworks, Natick, MA, USA).

ECG data were down sampled to 256 Hz and high-pass 
filtered at 0.5 Hz. R-peaks in the ECG signal were detected 
following Pan and Tompkins (1985), resulting in a semi-
time-series of consecutive IBIs. We computed the mean 
inter-beat interval (IBI), i.e., the interval between consec-
utive R-peaks of the ECG, and the root mean squared of 
successive IBI differences (RMSSD) metric of heart rate 
variability (HRV) for each 2-min 2-back run. Outliers were 
removed in an iterative way with four repetitions. In each 
repetition, values more than four standard deviations from 
the mean were replaced with not-a-number (NaN) values.

EDA was downsampled to 64 Hz. The fast phasic compo-
nent was separated using Continuous Decomposition Analy-
sis as implemented in the Ledalab Toolbox for MATLAB 
(Benedek and Kaernback 2010). The number of different 
sets of initial values to be considered in the optimization 
was kept at the default value of two. Next, variables of the 
EDA were obtained from the Ledalab analysis. In each 
2-min epoch, the mean phasic peak amplitude and number 
of phasic peaks were obtained. The peak amplitude thresh-
old was set to 0.05 μS, and peaks with lower amplitudes 
were discarded. Outliers were removed in an iterative way 
with four repetitions. In each repetition, values more than 
four standard deviations from the mean were replaced with 
not-a-number (NaN) values.

EEG was processed using EEGLAB v14.1.2 for MAT-
LAB (Delorme and Makeig 2004). EEG was first down-
sampled to 256 Hz and band-pass filtered between 1–30 Hz. 
Bad channels were removed based on their statistical prop-
erties. Channels with a standard deviation exceeding 50 μV 
were removed. Then, within kept channels, samples exceed-
ing ± 150 μV, as well as samples within 100 ms, were also 
removed. After interpolating bad channels, channels were re-
referenced to the average channel values. Logistic infomax 
ICA (Bell and Sejnowski 1995) was performed to localize 
independent components. The Multiple Artifact Rejection 
Algorithm (MARA) (Winkler et al. 2011) was executed to 
classify artifactual independent components, i.e., compo-
nents not reflecting sources of neural activity, but ocular 
or muscle-related artifacts. MARA is a supervised learning 
algorithm that learns from expert ratings of 1290 compo-
nents. It classifies components based on six features from 
the spatial, spectral, and temporal domain. The artifactual 
components were removed from the data. EEG were cut in 
2-min epochs corresponding to the 16 2-back runs. For each 
epoch, the EEG frequency power spectrum was computed 
using the EEGLAB ‘spectopo’ function. The Alpha power 

at the midline-parietal site (electrode Pz) and Theta power 
at the midline-frontal site (Fz) were computed as the mean 
power in the 8–12 Hz and 4–8 Hz range, respectively. EEG 
data were then cut into 1100 ms epochs starting 100 ms 
before the onset of letters. Only letters without noise bursts 
were considered in the analysis (i.e., in no-noise runs all let-
ters were considered and in noise runs only letters without 
noise). For each 2-min run in each participant, the grand-
average event-related potential (ERP) at Pz was computed 
for targets and non-targets. The mean P300 amplitude for 
targets and non-targets in each 2-min run was computed 
as the maximum value of the grand-average ERP between 
200–400 ms after target and non-target onset, respectively.

2.5.2  Statistical analysis

Statistical analyses were performed using SPSS software 
version 25.0. The dependent variables were tested with 
two-way repeated-measures analysis of variance (ANOVA). 
Effects of both two-level independent variables, noise and 
breakfast, on performance variables and psychophysiologi-
cal measures were tested. Only for EEG P300 response, an 
additional within-subjects 2 × 2 design was included to ana-
lyze the effect of type of letter (target, non-target) and noise 
(noise bursts, no-noise bursts) on the P300 amplitude. The 
non-parametric variant (Wilcoxon Matched-Pairs Signed-
Rank test) was used for the subjective ratings. To examine 
the effect of skipping breakfast on reported feelings of hun-
ger and glucose levels in blood, paired-sample T tests were 
used. The non-parametric variant (Wilcoxon Matched-Pairs 
Signed-Rank test) was used for reported feelings of hunger. 
All statistical tests were performed at a significance level of 
alpha = 0.05.

3  Results

A total of 21 participants were included in this study at the 
start. Because one participant did not show up on the second 
test day, data of 20 participants (10 male and 10 females, 
mean age 37.1) were analyzed. EDA data from one par-
ticipant were removed due to what seemed to be excessive 
movement artifacts.

3.1  Manipulation check for skipping breakfast

Reported feelings of hunger and glucose were examined 
on both test days, with and without breakfast consump-
tion. Values for both test days can be found in Table 1. A 
Wilcoxon Signed-Rank Test showed that feelings of hunger 
were significantly higher after skipping breakfast compared 
to standardized breakfast, z = − 3.82, p < 0.001. A paired-
sample T test showed that the level of blood glucose did 
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not significantly differ between both test days, t(18) = -0.31, 
p = 0.763.

Means and standard deviations for each variable in each 
of the four stressor conditions are listed in Table 2. An over-
view of the (close to) significant and non-significant results 
are described and listed in Table 3. 

3.2  Results of cognitive task performance

Regarding the 2-back task, statistical analysis did not show 
a main effect of breakfast on reaction time and number of 
correct responses. A trend was found for number of missed 
responses on the 2-back task, F(1,19) = 3.95, p = 0.061, 
with more missed responses after skipping breakfast 
(M = 1.13; SE = 0.50) compared to standardized breakfast 
(M = 0.74; SE = 0.41). There was no effect of noise on 

mean reaction time and number of correct responses of 
the 2-back task. However, noise significantly affected the 
number of missed responses, with more missed responses 
in the no-noise burst condition (M = 1.08; SE = 0.46) com-
pared to the noise bursts condition (M = 0.79; SE = 0.44), 
F(1,19) = 8.75, p = 0.008. We found no interaction effects 
of breakfast and noise on any of the 2-back perfor-
mance variables (mean reaction time, number of correct 
responses, and number of missed responses).

Regarding the ISLT, there was no main effect for 
breakfast on total recall or on delayed recall. There was 
also no effect of noise  on total recall. However, noise 
significantly affected the delayed recall, with less recalled 
words in the noise bursts condition (M = 9.42; SE = 0.43) 
compared to the no-noise burst condition (M = 10.05; 
SE = 0.43), F(1,19) = 8.05, p = 0.011. No interaction 

Table 1  Reported feeling of hunger and blood glucose examined (N = number of participants, Mdn = Median, M = mean, IQR = interquartile 
range, and SD = standard deviation) after a standardized breakfast compared to skipping breakfast

Standardized breakfast Skipping breakfast

N Mdn IQR Mdn IQR p value
Reported feeling of hunger 

(0–100)
20 16.0 28.5 64.7 38.6  < 0.001

N M SD M SD p value
Glucose (mmol/L) 19 5.2 0.5 5.1 0.6 0.763

Table 2  Descriptives for each variable in each of the four stressor conditions

Values are presented as means ± standard deviations, except, for subjective measures, the values are presented as median ± interquartile range

Standardized breakfast Skipping breakfast

Noise bursts No-noise bursts Noise bursts No-noise bursts

2-back task
 Reaction time (ms) 569 ± 167 564 ± 148 574 ± 167 567 ± 158
 Number of correct responses 52.3 ± 5.2 52.2 ± 5.3 51.8 ± 5.3 51.8 ± 5.2
 Number of missed responses 0.7 ± 1.9 0.8 ± 1.8 0.9 ± 2.0 1.4 ± 2.6

International Shopping List Task
 Total recall trial 1–3 (0–36 words) 26.3 ± 4.5 27.0 ± 3.4 26.1 ± 5.4 25.9 ± 4.3
 Delayed recall (0–12 words) 9.5 ± 2.1 10.4 ± 2.5 9.4 ± 2.5 9.8 ± 1.9

Subjective measures
 Reported mental effort (0–150) 67.8 ± 29.1 64.4 ± 39.3 78.3 ± 37.5 75.8 ± 38.6
 Reported stress (0–100) 35.1 ± 21.9 32.3 ± 24.1 32.7 ± 30.1 33.3 ± 29.3

Physiology
 ECG–IBI (s) 0.79 ± 0.12 0.79 ± 0.12 0.86 ± 0.09 0.86 ± 0.09
 ECG–RMSSD (s) 0.08 ± 0.11 0.08 ± 0.11 0.05 ± 0.02 0.05 ± 0.03
 EDA–amplitude phasic (µS) 0.18 ± 0.10 0.17 ± 0.09 0.14 ± 0.07 0.13 ± 0.06
 EDA–number of peaks 11.32 ± 8.25 10.39 ± 7.85 8.30 ± 6.39 6.97 ± 5.78
 EEG–alpha activity (µV^2/Hz) 0.69 ± 0.68 0.73 ± 0.78 0.86 ± 0.98 0.87 ± 1.00
 EEG–theta activity (µV^2/Hz) 1.54 ± 1.35 1.61 ± 1.51 1.86 ± 1.55 1.83 ± 1.57
 EEG–amplitude P300 (µV) for target letters 5.19 ± 2.10 3.74 ± 1.99 5.48 ± 2.31 3.88 ± 1.62
 EEG–amplitude P300 (µV) for non-target letters 4.16 ± 1.61 3.15 ± 1.35 3.97 ± 1.71 3.12 ± 1.31
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effects of breakfast and noise were found on total recall 
or delayed recall.

3.3  Results of subjective ratings

Regarding the subjective ratings, no effects of breakfast 
were found on reported mental effort. A trend was found 
for noise on reported mental effort, z = − 1.83, p = 0.067, 
with higher ratings for mental effort during noise bursts 
(Mdn = 68.90, IQR = 33.42) compared to no-noise bursts 
(Mdn = 63.80, IQR = 39.04). There was also an effect 
of noise on reported stress (z = − 2.61 p = 0.009), with 
higher reported stress during noise bursts (Mdn = 31.90, 

IQR = 27.45) compared to no-noise bursts (Mdn = 31.32, 
IQR = 27.77).

3.4  Results of physiological variables

A significant effect of breakfast was found on the inter-beat 
interval (IBI) of the ECG signal, F(1,19) = 7.01, p = 0.016, 
with a higher mean IBI (i.e., lower heart rate) after skip-
ping breakfast (M = 0.86; SE = 0.02) compared to standard-
ized breakfast (M = 0.79; SE = 0.03). There was no effect of 
breakfast on RMSSD (heart rate variability). There were 
no effects of noise on IBI and RMSSD. Also no interaction 
effects of breakfast and noise on IBI or on RMSSD were 
found.

Table 3  Overview of (close to) significant and non-significant results of stressors

A significant effect is indicated with a description of the effect and a trend is indicated with a description between brackets. Trends and effects 
are both underlined.

Noise bursts Breakfast Noise × breakfast

2-back task
 Reaction time (ms) F(1,19) = 0.77, p = 0.392 F(1,19) = 0.70, p = 0.795 F(1,19) = 0.04, p = 0.854
 Number of correct responses F(1,19) = 0.12, p = 0.734 F(1,19) = 0.86, p = 0.367 F(1,19) = 0.04, p = 0.838
 Number of missed responses F(1,19) = 8.75, p = 0.008

Lower for noise bursts
F(1,19) = 3.95, p = 0.061
(Higher for skipping breakfast)

F(1,19) = 0.62, p = 0.440

International Shopping List Task
 Total recall trial 1–3 (0–36 words) F(1,19) = 0.23, p = 0.636 F(1,19) = 1.20, p = 0.287 F(1,19) = 0.48, p = 0.498
 Delayed recall (0–12 words) F(1,19) = 8.05, p = 0.011

Lower for noise bursts
F(1,19) = 1.36, p = 0.259 F(1,19) = 0.27, p = 0.607

Subjective measures
 Reported mental effort (0–150) z = − 1.83, p = 0.067

(Higher for noise bursts)
z = − 0.75, p = 0.455 -

 Reported stress (0–100) Z = − 2.61 p = 0.009
Higher for noise bursts

z = − 0.15, p = 0.881 -

Physiology
 ECG–IBI (s) F(1,19) = 2.15, p = 0.159 F(1,19) = 7.01, p = 0.016

Larger for skipping breakfast
F(1,19) = 0.58, p = 0.454

 ECG–RMSSD (s) F(1,19) = 0.09, p = 0.767 F(1,19) = 0.96, p = 0.339 F(1,19) = 2.60, p = 0.123
 EDA–amplitude phasic (µS) F(1,18) = 4.40, p = .050

Higher for noise bursts
F(1,18) = 5.81,p = .027
Lower for skipping breakfast

F(1,18) = 0.03, p = .868

 EDA–number of peaks F(1,18) = 15.27, p = 0.001
Higher for noise bursts

F(1,18) = 3.99,p = 0.061 
Lower for skipping breakfast

F(1,18) = 0.35, p = 0.564

 EEG–alpha activity (µV^2/Hz) F(1,19) = 2.99, p = 0.100 F(1,19) = 2.47, p = 0.133 F(1,19) = 1.32, p =0.265
 EEG–theta activity (µV^2/Hz) F(1,19) = 0.67, p = 0.423 F(1,19) = 1.55, p = 0.229 F(1,19) = 3.12, p = 0.094
 EEG–amplitude P300 (µV) for 

target letters
F(1,19) = 49.31, p < 0.001
Higher for noise bursts

F(1,19) = 1.42, p = 0.249 F(1,19) = 0.16, p = 0.698

 EEG–amplitude P300 (µV) for non-
target letters

Higher for noise bursts
F(1,19) = 71.63, p < 0.001

F(1,19) = 0.29, p = 0.598 F(1,19) = 0.53, p = 0.477

Noise Type of letter Noise × Type of letter

EEG–amplitude P300 (µV) for 
type of letters

F(1,19) = 65.24, p < 0.001
Higher for noise bursts

F(1,19) = 22.67, p < 0.001
Higher for target letters

F(1,19) = 13.67, p = 0.002
Noise bursts increased the dif-

ferentiation between target and 
non-target letters
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Regarding EDA, a significant effect of breakfast was found 
on mean phasic peak amplitude, F(1,18) = 5.81, p = 0.027, 
and the number of phasic peaks, F(1,18) = 3.99, p = 0.061 
(trend). Skipping breakfast decreased the mean phasic peak 
amplitude (M = 0.138; SE = 0.014) and the number of phasic 
peaks (M = 7.63; SE = 1.37) compared to standardized break-
fast (mean phasic peak amplitude: M = 0.171; SE = 0.021, 
and number of phasic peaks: M = 10.86, SE = 1.84). There 
was also an effect of noise on mean phasic peak ampli-
tude, F(1,18) = 4.40, p = 0.050, and number of phasic peaks, 
F(1,18) = 15.27, p = 0.001. Increased mean phasic peak ampli-
tude (M = 0.161; SE = 0.018) and number of phasic peaks 
(M = 9.81; SE = 1.47) were found for the noise burst condi-
tion compared to the no-noise burst condition (mean phasic 
peak amplitude: M = 0.148; SE = 0.015, and number of phasic 
peaks: M = 8.68, SE = 1.36). No interaction effects between 
noise and breakfast on mean phasic peak amplitude and num-
ber of phasic peaks were found.

Regarding EEG, breakfast did not affect the EEG alpha 
power, nor the EEG theta power. No effects of noise on alpha 
power or theta power were found. Also no interaction effects 
of breakfast and noise on alpha power or theta power were 
found.

No effect of breakfast was found on the P300 amplitude for 
target letters or non-target letters. Noise did affect P300 ampli-
tude for target letters, F(1,19) = 49.31, p < 0.001, and non-tar-
get letters (F(1,19) = 71.63, p < 0.001. Noise bursts increased 
the P300 amplitude for both target (M = 5.34; SE = 0.47) and 
non-target letters (M = 4.06; SE = 0.35) compared to no-noise 
bursts (target letters: M = 3.81; SE = 0.40, non-target letters: 
M = 3.14; SE = 0.29). Note that only letters without concurrent 
noise burst were taken into account—thus, effects of noise 
do not reflect a direct response to the noise burst itself, but 
the embedding of the letter in a noisy context. No interaction 
effects of breakfast and noise on P300 amplitude for target 
letters or non-target letters were found.

Additional repeated-measures ANOVAs were done to 
analyze the effect of type of letter in the 2-back task and 
noise, on the EEG P300 amplitude. Noise significantly 
affected P300 response to letters, F(1,19) = 65.24, p < 0.001, 
with higher P300 amplitude for noise bursts compared to no-
noise bursts. A significant effect of type of letter was found 
on the EEG P300 amplitude, F(1,19) = 22.67, p < 0.001. 
As commonly found, the P300 amplitude was higher for 
target than non-target letters. Also an interaction effect of 
type of letters and noise on P300 amplitude was found, 
F(1,19) = 13.67, p = 0.002. Noise bursts increased the dif-
ferentiation between target and non-target letters, indicating 
well-directed attention. Figure 2 shows the significant effect 
of this analysis.

An overview of the (close to) significant and non-signif-
icant results of stressors is shown in Table 3.

4  Discussion

This study examined potential interactions between two 
different stressors on cognitive performance: a metabolic 
stressor (skipping breakfast) and a sensory stressor (expo-
sure to noise bursts). The experiment was designed to ena-
ble the comparison of the effect of the combined stressors 
with the effect of each individual stressor. The results did 
not confirm an interaction between the two stressors on the 
cognitive tasks. When both stressors were more effective in 
changing cognitive performance than either stressor alone 
through (dis)similar mechanisms, interaction effects would 
have been expected (Lloyd and Havenith 2016). Note that 
we cannot conclude that no interaction effects between noise 
bursts and skipping a meal exist at all, because it may have 
been the case that the effect of one of our stressors on cogni-
tive performance was too small, which may have prevented 
an effect of the combination of stressors. Yet, it is conceiv-
able that even if one of the two stressors that has no effect 
individually, it would have had an effect in combination with 
another subtle stressor. Although the stressors used in this 
study did not seem stressful enough to strongly interfere with 
cognitive performance, the effects of the individual stressors 
can help to understand in more detail why no interactions 
effects were found either.

The manipulation check, based on level of blood glucose, 
indicated that skipping breakfast did not lead to hypoglyce-
mia. However, the subjective ratings showed that the partici-
pants experienced a greater feeling of hunger. An effect of 
skipping breakfast was also found on physiological variables 
that are indicative of a lower state of arousal after skipping 
breakfast (i.e., lower heart rate and lower EDA) compared 
to after consuming a standardized breakfast. This is in line 
with studies from Pivik (2006) and Nose et al. (2011) who 
found lower heart rates, indicating higher parasympathetic 
activity, after breakfast skipping. The cognitive tasks may 

Fig. 2  Significant main and interaction effects of type of letters (tar-
get vs. non-target) and noise on P300 amplitude. Error bars are ± 1 SE 
(standard error)
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not be sensitive enough to clearly detect a decline, while the 
physiological measures are more sensitive. It is plausible 
that, rather than a lack of blood glucose, this lower state of 
arousal and/or the subjective discomfort underly the trend 
for more misses on the 2-back task.

A suggestion for future research is to prolong the period 
of fasting, such that hypoglycemic conditions are reached. 
Our study design only used fasting from 8 pm the night 
before the test day, while it appeared that the body was able 
to compensate for this lack of blood glucose. Prolonged fast-
ing may result in stronger changes in cognitive performance 
and clearer interaction effects. The exercise was included to 
further lower blood glucose levels and thereby strengthening 
the effects of skipping breakfast. However, exercise can also 
increase arousal and enhance cognitive task performance 
(De Sousa et al. 2019; Lambourne and Tomporowski 2010), 
reducing rather than enhancing the effect of skipping break-
fast. However, note that exercise was performed on both test 
days, and any increase (rather than decrease) of performance 
would have occurred in both conditions. The same applies 
for withdrawal from caffeine (tea or coffee). Participants 
were not allowed to drink coffee or tea, because the break-
fast was standardized. Caffeine withdrawal in the morning 
may lower mental alertness and/or affect other cognitive 
functions negatively (Rogers et al 2013). However, as we 
have incorporated this in the protocol on both test day, any 
decrease would have occurred in both conditions.

The effect of noise bursts differed for the different depend-
ent variables. Although the reaction time and accuracy on 
the 2-back task were not affected, noise bursts did lead to 
less missed responses, which is indicative of improved per-
formance. It was not the case that more false alarms were 
found during the noise condition, implying that participants 
did not simply press the button more often. In contrast to 
the 2-back task, noise bursts reduced performance on the 
delayed recall test, evidenced by less memorized items. The 

physiological measures showed a higher state of arousal 
and vigilant attention under conditions of noise. The higher 
state of arousal suggests more invested effort for noise com-
pared to no-noise. Noise conditions were associated with 
higher EDA responses, as EDA increases with a higher state 
of arousal (Critchley 2002). A state of increased attention 
during noise conditions was suggested by a higher (target-) 
P300 amplitude (Wild-Wall et al. 2011; Evans et al. 2011). 
Although not the interaction we were looking for, a com-
bined effect of being more aroused under conditions of noise 
and the presence of a target letter on the p300 appears to be 
similar to an additive interaction effect. Besides this, alpha 
power showed a non-significant trend of lower activity dur-
ing noise conditions, which would also be consistent with 
higher effort. This more aroused and attentive state was also 
experienced as higher load and stress based on the subjec-
tive ratings. Combining these results can indicate that par-
ticipants invested additional effort to maintain a constant 
working memory performance level. The results may explain 
the lack of effects of stressors on cognitive performance as 
determined by 2-back reaction time and number of correct 
responses. The compensatory increase of mental effort has 
been supported with reported measures and markers of effort 
before (Szalma and Hancock 2011).

The effects of noise bursts on task performance in com-
bination with the physiological and subjective workload 
measures are interesting in relation to an existing model 
about the relationship between task demands, performance, 
workload and effort (Veltman et al. 2003). This relation-
ship is schematically depicted in Fig. 3a. Veltman et al. 
(2003) observed an inverted-U relation between stress 
or arousal and performance in a complex task situation. 
They added mental effort to the original inverted-U curve 
from Yerkes and Dodson (1908), and labeled the x-axis as 
difficulty of the task (level of task demands) rather than 
stress or arousal. Four situations can be explained with 

Fig. 3  Hypothetical relation between task demands, performance, workload, and effort (obtained from Veltman et al. 2003). a Original model; b 
Adaptation to the model
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this model: low workload with low performance due to an 
inattentive state, normal load with optimal performance, 
high workload with optimal performance through invest-
ment of additional effort, and overload where there are no 
(attentional) resources available, and it is no longer pos-
sible to invest additional effort. Performance, subjective, 
and physiological measures can be used to distinguishing 
between these four situations.

However, rather than that this means we are measuring 
at the right end of the x-axis in Fig. 3a (the part under 
high workload), the finding of less missed responses on the 
2-back task with noise bursts can imply we are measuring 
at the part under normal workload of the x-axis. Although 
the task was in fact not easy, participants may have been 
in this far left end of the graph in conditions without noise 
because of an inattentive state. This suggests that noise 
bursts may help to keep participants alert, though the same 
noise can be disrupting in other types of cognitive per-
formance, as we have shown for the effect of noise on the 
delayed recall of the verbal list learning task in line with a 
study from Cassidy and MacDonald (2007). An explana-
tion for this more alerting state and improved performance 
(less missed responses on the 2-back task) when the let-
ter coincides with a noise burst compared to the situation 
in which the letter was presented without a noise burst 
is based on multisensory integration (Van der Burg et al. 
2008; Sumby and Pollack 1954; McGurk and MacDonald 
1976). Indeed, it might be feasible that the presentation 
of the noise burst had a significant effect on the percept of 
the visual letter, as it is known that a visual event is per-
ceived as more salient when it coincides with an auditory 
signal than when it is presented in isolation (see Van der 
Burg et al. 2011). Whereas Van der Burg and colleagues 
illustrated that a sound improves visual performance in a 
spatial context (i.e., a visual search task whereby search 
times were affected by the presentation of a sound), others 
reported comparable improvements in terms of accuracy 
(like in the present study) using a visual temporal task 
(Vroomen and de Gelder 2000; Olivers and Van der Burg 
2008). An alternative explanation for the improved perfor-
mance is based on temporal preparation. From the timing 
literature, we know that if participants receive a warn-
ing signal before a visual target, then participants respond 
faster to the target when the time between the temporal 
warning signal is large than when it is small (Los and Van 
der Burg 2013). In our study, the noise burst, if present, 
always coincided with the visual letter. However, this does 
not mean that participants were unable to prepare for the 
upcoming target. Indeed, it is known from the literature 
that auditory information is faster processed in the brain 
than visual information (Jain et al. 2015), making it fea-
sible for participants to prepare for the upcoming visual 
target when it coincides with an auditory signal (Los and 

Van der Burg 2013). In our study, this implies that noise 
bursts make it feasible for the participants to prepare for 
the upcoming letter in the 2-back task, explaining why 
performance was better when the letter coincides with a 
noise burst compared to the condition without noise bursts. 
Whether the more alerting state in this study is a result of 
multisensory integration or temporal preparation is not 
clear and more research is necessary to examine this.

Reflecting on the model proposed by Veltman et  al. 
(2003), it is assumed that task demands include both the 
intrinsic difficulty of the task and the indirect impact of 
stressor(s). For example, it is possible that high effort on 
the left end of the model is necessary to maintain perfor-
mance high at risk of inattentiveness, while this can occur 
separately from the ease of a task. Therefore, we argue for 
separating task difficulty and impact of stressors. This can 
be implemented by adding a new dimension ‘stressors’ to 
the model. This adjustment would allow us in future research 
to explicitly make the difference between the effect of 
stressor(s) and level of task difficulty to better understand 
and predict their (interactive) impact on performance. 
Accordingly, each individual stressor and their combined 
effect can be represented as separate lines in the model (see 
Fig. 3b). With the use of this model, we can better predict 
the (interactive) impact of stressors on cognitive perfor-
mance in challenging environments.

In the end, this kind of research can be applied to get 
insight into mechanisms underlying the stressors, which 
can lead to better countermeasures that prevent or allevi-
ate negative effects of combined stressors on performance 
(Martin et al. 2020). Taking a comprehensive approach of 
performance, physiological and subjective measures to study 
the impact of stressors on cognition might be valuable in 
strengthening industrial safety. For example, Vanderhaegen 
et al. (2020) discussed examples of supportive systems that 
can alert operators when they get tired. This is crucial in 
environments where different professionals have to maintain 
high performance.

4.1  Conclusions

In conclusion, this study found no interaction effect of a met-
abolic stressor (skipping breakfast) and a sensory stressor 
(exposure to noise bursts) on cognitive performance. The 
results of the individual stressors can be used for explaining 
the lack of an interaction. Skipping breakfast appeared to 
be ineffective to cause a hypoglycemic state, indicating that 
it was not an effective metabolic stressor. The lower state 
of arousal and subjective discomfort after breakfast skip-
ping may explain the trend of more missed responses. Noise 
bursts appeared to generate arousal and overall increased 
attention. The physiological and subjective variables may 
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be useful to reveal extra effort that people put into a task to 
maintain performance. Since the inverted U-shape model 
for workload does not take effect of environmental stressors 
into account, we propose an amendment to this model to 
incorporate such effects.
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