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Whereas the link between psychosocial stress and health complications has long been established, the influence
of psychosocial stress on brain activity is not yet completely understood. Electroencephalography (EEG) has been
regularly employed to investigate the neural aspects of the psychosocial stress response, but these results have
Mental stress not yet been unified. Therefore, in this article, we systematically review the current EEG literature in which
Electroencephalography spectral analyses were employed to investigate the neural psychosocial stress response and interpret the results
EEG with regard to the three stress phases (anticipatory, reactive, and recovery) in which the response can be divided.
Our results show that three EEG measures, alpha power, beta power and frontal alpha asymmetry (FAA), are
commonly utilized and that alpha power consistently decreases, beta power shows a tendency to increase, and
FAA varies inconsistently. We furthermore found that whereas changes in alpha power are independent of the
stress phase, and changes in beta power show a relative stress phase independent trend, other EEG measures such
as delta power, theta power, relative gamma and theta-alpha power ratio show less stress phase independent
changes. Meta-analyses conducted on alpha power, beta power and FAA further revealed a significant effect size
(hedge’s g = 0.6; p = 0.001) for alpha power, but an insignificant effect size for beta power (hedge’s g = —0.31;
p = 0.29) and FAA (hedge’s g = 0.01, p = 0.93). From our results, it can be concluded that psychosocial stress
results in significant changes in some spectral EEG indices, but that more research is needed to further uncover
the precise (temporal) mechanisms underlying these neural responses.

Spectral analysis

1. Introduction nevertheless the brain, that alters various effector systems mainly

through the hypothalamic-pituitary-adrenal (HPA) and

Throughout recent years, the incidence of mental health problems
has risen worldwide (Liu et al., 2020). The recent outbreak of COVID-19
further exacerbated the major challenges regarding mental health due to
its large impact on both society (economic uncertainty) and on a per-
sonal level (loss of close friends/family and social isolation) (Salari et al.,
2020). An important factor in the current problems regarding mental
health is stress, the latter being an important catalyzer of mental dis-
orders such as depression and anxiety disorders (Daviu et al., 2019;
Mazure, 1998). Stress can be defined as the perception of personal or
environmental stimuli as more taxing than the direct mitigating capa-
bility of the body, which results in an acute stress response in the body
(Folkman and Lazarus, 1984). A key player in the stress response is

sympathetic-adreno-medullar (SAM) axes, resulting in physiological
(such as increased heart rate and blood pressure) as well as psycholog-
ical changes (Dickerson and Kemeny, 2004; Godoy et al., 2018; Kudielka
and Kirschbaum, 2005; McEwen and Seeman, 1999).

One specific stressor subtype, the psychosocial stressor, seems to
have a prominent role in the stress-disease link, making it an important
subject for extensive research (Backé et al., 2012; Greenwood et al.,
1996; Kemeny and Schedlowski, 2007; MD et al., 2002; Siegrist, 2008).
In the current paper, based on a review of the literature, we define
psychosocial stressors as “threatening or stressful stimuli arising from social
interactions mainly due to their novel, unpredictable or uncontrollable
characteristics or the presence of social-evaluative threats”. Psychosocial
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stress can then be defined as the result of a cognitive appraisal or
interpretation of a psychosocial stressor that taxes or exceeds the coping
capabilities of an individual. The crucial role of psychosocial stressors as
contributors to stress-imposed (mental) health complications has mul-
tiple reasons (Epel et al., 2018; Kogler et al., 2015). From an evolu-
tionary point of view, humans are a social species, making social
interactions and the need to belong innate properties of every individual
(Baumeister and Leary, 1995). Psychosocial stressors may disrupt these
core human needs and are therefore highly impactful on the general
well-being of a person. Furthermore, psychosocial stressors are not
limited to a specific part of an individual’s life, as everyday life consists
of an abundance of social interactions. This makes chronic exposure to
psychosocial stressors more probable compared to other types of
stressors such as physical stressors (e.g. receiving electrical shocks) or
cognitive stressors (e.g. reaction time tasks), further explaining its
dominant presence in stress-related diseases (Dupre et al., 2015; Mel-
chior et al., 2007; Phelan et al., 1991; Tennant, 2001).

It is noticeable that various articles investigating the response to
psychosocial stressors do not investigate the stress response in its en-
tirety, but rather focus on specific phases of it. This subdivision of the
acute stress response in discrete phases is logical as various distinct
neurological, psychological, and physiological processes are active
throughout the stress response. When identifying different phases of an
acute stress response as a function of its occurrence in time in rela-
tionship to the present stressor, three phases become apparent: the
anticipatory, the reactive, and the recovery phase (see Fig. 1). The exis-
tence of distinct phases in the acute stress response has long been
established, and the allostatic load theory has defined how repeated
exposure to stressors can lead to maladaptive trajectories of these phases
such as the lack of adaptation (abnormal reactive phase) or a prolonged
response to stressors (abnormal recovery phase) (Juster et al., 2010;
McEwen and Seeman, 1999). The first phase, the anticipatory phase, can
be defined as the moment a person is aware of the upcoming stressor, but
is not yet directly exposed to it. This phase is defined by a high uncer-
tainty about the near future and the possible presence of a social eval-
uative threat, therefore evoking a stress response (Engert et al., 2013).
The second phase, the reactive phase, is defined as the time when an
individual is directly exposed to the stressor. It could be argued that the
anticipatory and reactive phase of the stress response can be seen as one,
since uncertainty and social evaluative threat are present in both phases,
but this distinction is valid since in the reactive phase, participants are
actively engaged with the actual stressor whereas during the anticipa-
tory phase they might not be. The third phase that can be defined is the
recovery phase and starts directly after the ending of the stressor expo-
sure. The difference between this phase and the anticipatory and

Start awareness of Start stressor
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reactive phase is larger, since the uncertain, uncontrollable, and socially
evaluative threatening stimuli are no longer present. The recovery phase
therefore consists mainly of the possible reversal of psychological and
physiological alterations caused by the stressor. Depending on the
physiological measure, the duration of these restorations can take from
30 min to 1 h (i.e., cortisol, Goodman et al., 2017) to up to 2 h (i.e.,
functional magnetic resonance imaging, Vaisvaser et al., 2013; van Oort
et al., 2017). Although all three phases may contain unique alterations
in physiological and psychological mechanisms, these alterations are all
induced by the same underlying mechanism, namely, the evoked stress
response due to the presence of a psychosocial stressor.

The pivotal role of the brain as the orchestrating organ of the
different phases of the psychosocial stress response, makes the brain a
principal focus of (psychosocial) stress-related studies (McEwen, 2007;
McEwen and Gianaros, 2011). A central investigative tool in this
research endeavor has been the use of neuroimaging, with the most
commonly used neuroimaging methods in stress research being func-
tional magnetic resonance imaging (fMRI) and electroencephalography
(EEG). fMRI has, due to its high spatial resolution, mostly been
employed to identify the involved brain regions in the psychosocial
stress response. The main findings from these efforts are the involvement
of three major brain networks (the default mode, salience and central
executive network; for reviews see Kogler et al., 2015; van Oort et al.,
2017) as well as a bilateral cluster comprising the insula, claustrum, and
inferior frontal gyrus (for a review, see Berretz et al., 2021). EEG has,
due to its high temporal resolution, been employed to investigate the
more time-sensitive aspects of the neural response to psychosocial stress.
EEG studies investigating the neural psychosocial stress response either
focus on event-related potentials (ERPs) or analyze changes in the
prominent oscillations present in the EEG signal through spectral anal-
ysis methods. ERP analyses focus on short-term (mostly within 1 s),
task-evoked variations in neural activity in response to sensory stimuli
and investigate known event-related potentials such as the N2 and P3
(Cohen, 2014; Kawamoto et al., 2013; van der Veen et al., 2016). The
main drawback of ERP analysis, if applied to the investigation of the
various phases of the psychosocial stress response, is its dependency on
clearly defined stimuli, thus limiting its application potential for
uncovering the whole neural response to stressful stimuli. This limita-
tion is not shared by spectral analysis methods, since these methods can
be applied to either the stimulus-defined time windows to investigate
task-evoked neural activity, but also longer, continuous EEG recordings
for the investigation of task-induced variations in neural activity. There-
fore, spectral analyses that investigate EEG signal properties in both the
time and frequency domain (Cohen, 2014) are more useful to fully
investigate the different phases of stress response. Various spectral
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Fig. 1. Visualization of the three phases of the stress response with respect to time.
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analyses have been applied to investigate psychosocial stress-related
variations in the delta (0.5-4 Hz), theta (4-7 Hz), alpha (8-13 Hz),
beta (15-30 Hz) and gamma (>30 Hz) frequency bands (although the
exact ranges can vary across articles). The most common spectral
analysis technique is spectral band power, which calculates the average
power in a specific frequency band and is reflective of the neuronal
activity in this frequency range (Cohen, 2014). Commonly studied fre-
quency bands are the theta band, linked to working memory function-
ality, sensory and motor processing, cognitive interference, and
emotional memory consolidation during sleep (Karakas, 2020; Kli-
mesch, 1999; Nigbur et al., 2011; Nishida et al., 2009); the alpha band,
believed to be inversely correlated with cortical activity and reflecting
coordination mechanisms of brain networks (Allen et al., 2004; Jensen
and Mazaheri, 2010; Mathewson et al., 2011) and the beta band, asso-
ciated with attention and sustaining the current cognitive or sensori-
motor state (Engel and Fries, 2010; Wrobel, 2000). Another spectral
analysis technique commonly selected is frontal alpha asymmetry
(FAA), generally obtained by subtracting the natural log transformed
alpha power value of a left frontal electrode (mostly F3 or F7) from that
of a right frontal electrode (mostly F4 or F8), is indicative of the relative
difference in alpha power between the frontal parts of the left and right
hemisphere. It is suggested that a relative higher left hemispherical
activity indicates a tendency for approach-oriented behavior and that
relative higher right hemispherical activity signifies more
withdrawal-oriented behavior (Smith et al., 2017). FAA is ubiquitous in
psychological and psychiatric EEG research and has been linked to a
wide variety of psychological constructs and psychiatric disorders
(Smith et al., 2017). Most commonly studied are the relationships be-
tween FAA and motivational/emotional variables or psychiatric disor-
ders such as depression and posttraumatic stress disorder (Allen et al.,
2004; Meyer et al., 2015; Smith et al., 2017; van der Vinne et al., 2017).
Research suggests that FAA changes on a group level are variable and
are highly dependent on a variety of factors such as personality traits,
age and gender (Coan et al., 2006; Miller et al., 2002; Stewart et al.,
2010; van der Vinne et al., 2017). Moreover, a recent review shows that
stress influences hemispheric laterality in both animal and human
brains, where stress seems to mostly induce higher activity in the right
hemisphere (Ocklenburg et al., 2016). A proposed explanation of the
varying results by Ocklenburg et al. (2016) might then be that acute
stressors generally induce higher right hemispherical activity, and that
depending on the hemispheric dominance of the cognitive functions
performed by the brain during the presence of a stressor, FAA might
increase or decrease. An article by Berretz et al. (2020) further suggests
that stress is highly influential in both the development of psychiatric
disorders as well as the alteration of hemispheric laterality, further
showing the relevance of FAA as an EEG index for psychosocial stress.
Aside from FAA, other power-derived measures are utilized such as
relative gamma and the theta/alpha ratio (Minguillon et al., 2016;
Subhani et al., 2013). More complex spectral analysis methods, such as
functional connectivity (FC), which investigates the temporal relation-
ships between distinct neurophysiological events (Friston, 1994), are
also explored, but to a lesser extent. Only three functional connectivity
measures, phase-amplitude coupling, amplitude-amplitude correlation,
and coherence have been reported (Poppelaars et al., 2018, 2021;
Subhani et al., 2016a, 2016b).

Although the current body of literature using spectral EEG measures
to identify the neural processes related to psychosocial stress is sub-
stantial, to our knowledge a systematic review and meta-analysis is
currently lacking, making it difficult to have a concise overview of what
has been undertaken and uncovered. Interestingly, two reviews have
been recently published which review EEG results regarding the more
general concepts of mental/psychological stress. Katmah et al. (2021)
reviewed articles focusing on the detection of mental stress through
means of machine learning algorithms. Although some overlap exists
between this review and the current article regarding included articles,
due the more technical focus on the machine learning algorithms used to
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detect mental stress, Katmah et al. (2021) employed a broader definition
of mental stress, did not differentiate between the different phases of the
stress response when interpreting the results and did not conduct
meta-analyses. In another review, Giannakakis et al. (2019) examined
the different physiological measurement possibilities for stress detec-
tion. However, similarly to Katmah et al. (2021), a more general defi-
nition of psychological stress is employed and no differentiation
between stress phases nor meta-analyses are present. For the reader
interested in mental stress detection through means of EEG or the pos-
sibilities regarding physiological stress measurement options, we refer
to the aforementioned articles.

In this paper, we focus on the three (anticipation, reactive and re-
covery) phases of the stress response induced by acute (short-term)
laboratory (conducted in a controlled environment) psychosocial
stressors in healthy, unmedicated adults measured using EEG and
interpreted with spectral analysis methods. The main research questions
investigated in this systematic review are: 1) Which spectral EEG mea-
sures have been employed in the investigation of the psychosocial stress
response; 2) Whether the identified spectral EEG measures are stress
phase-sensitive or phase-independent. In the subsequent meta-analyses,
performed for alpha power, beta power, and FAA, the main research
question is if changes in these EEG measures induced by acute labora-
tory stressors result in a significant effect size, regardless of the stressor
phase in which they have been investigated.

2. Material and methods

The guidelines of ‘The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (PRISMA, Moher et al., 2009)
were followed and a protocol was designed and registered in the
PROSPERO database (registration number: CRD42020177226, regis-
tration date: April 7th, 2020). During the first screening of the obtained
papers, a small adjustment to the protocol, the inclusion of the addi-
tional search term “criticism”, was made (PROSPERO registration data:
July 9th, 2020). The PRISMA flow diagram is shown in Fig. 2.

2.1. Search strategy

Three databases, The National Library of Medicine (MEDLINE-
PubMed), Web of Science and Embase, were searched to find articles
whose content matched with the defined research questions. The key-
words used for this search strategy are closely aligned with those of
Kogler et al. (2015), with the following basic structure: (“Electroen-
cephalography” OR “Electroencephalogram” OR “EEG”) AND (“Stress”
OR “Social Exclusion” OR “Social Rejection” OR “Ostracism” OR “Social
Pain” OR “Criticism”). The choice of using “Stress” and its derivatives as
the main term rather than “psychological” or “psychosocial stress” was
made due to the lack of consistent typology in the literature (Epel et al.,
2018). The full search strategy can be found in the PROSPERO
registration.

2.2. Study selection

All obtained articles were firstly reviewed based on the title/abstract
and later based on the full text independently by two reviewers (G.V.
and S.D.S.). Inclusion/exclusion disagreements were resolved by
reaching a consensus between both reviewers. Only studies that re-
ported data of unmedicated healthy adults (18 years and older with no
history of neurological or psychiatric disorders) that were exposed to an
acute laboratory psychosocial stressor (as defined in the introduction)
and underwent an EEG recording within 24 h after the stressor exposure
were included. Papers which investigated event-related potentials were
included only if a spectral analysis was performed on the stimulus-
defined time windows. Other results regarding latencies or amplitudes
of ERP components discussed in the included articles are not discussed
in the current review article. Studies that employed an acute
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1 = Not Available

Fig. 2. The preferred reporting items for systematic review and meta-analyses (PRISMA) flow diagram.

psychosocial stressor, but used other neuroimaging methods (eg. fMRI,
fNIRS) combined with EEG were included when the results of the EEG
data were reported separately. Studies that investigated specific pop-
ulations (eg. psychiatric patients, specific metabolic interactions (eg.
pharmacological interventions) or specific interventions (eg. medita-
tion), but also included a control group satisfying the previously defined
criteria were also included if the data of the control group was reported
separately. The authors of studies that did not report data of the EEG
results or control groups separately were contacted and these studies
were included when additional data was provided. Review articles,
meta-analyses, conference proceedings, editorials, letters, case reports,
or non-peer-reviewed articles were excluded. Conference abstracts were
also excluded, but the authors were contacted and asked if a publication
had been completed from the work of the abstract. No limitation on the
publication date was imposed. All articles until April 8th, 2021, were
included.

2.3. Quality assessment and risk of bias analysis

Quality assessment and risk of bias analysis of the included papers
was done using an adapted version of the Standard Quality Assessment
Criteria for evaluating primary research papers from a variety of fields

(Kmet et al., 2004). This assessment tool consists of 14 questions that
investigate the various aspects of an article regarding comprehensibility,
reproducibility and validity. For each question, three answers are
possible: yes (= 2) if the article reports all necessary information, partial
(= 1) if some information is reported, but not all, and no (= 0) if the
information is not present. A final score is obtained by summing all
separate scores and dividing the final score by the maximum amount of
points possible. A list of the used questions as well as the reasoning for
the scoring of each question can be found in the supplementary mate-
rials (Risk of Bias Analysis — Explanation Of Scoring). The results of the
risk of bias assessment are discussed in Section 3.2.

2.4. Data extraction

Data from the included articles were extracted by one reviewer (G.
V.) and were checked by a second reviewer (S.D.S.). The following
variables were extracted: population demographics (sample size, mean
age + standard deviation, men/women distribution, inclusion and
exclusion criteria, recruiting method), experimental protocol (study
type, stressor type, control condition, cover story, timing consider-
ations), EEG recording specifics (amount of EEG channels, equipment
brand, electrode placement position, impedance values, presence of
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electrooculography (EOG) electrodes, sampling rate, online reference), EEG analysis method), additional physiological data collection (cortisol,

EEG analysis specifics (downsample frequency, low pass frequency, high heart rate, heart rate variability (HRV), electrodermal skin activity

pass frequency, utility frequency removal procedure, interpolation (EDA), blood pressure, respiratory rate (RR), state questionnaires and

procedure, offline reference, artifact removal procedures, epoch length, whether or not these measures changed significantly), EEG-related
Baseline | Anticipatory | Control | Reactive | Recovery

Resting-state Resting-state : Recording ! Resting-state Time
recording recording : during task recording
Hoffman (2005) ——O : : “
Hoffman (2006) .‘—‘—O
< g, ; . U S g
Betti (2017) ® : g : { o
) ; : ; z . Alpha
Guo (2019) (@2 : ; - : O Power
Al-Shargie (2017) @O
Hafeez (2018) i ®o——O :
Ehrhardt (2021) : @——O ? J
s i § z i
- ; 3 jssiunias: i
Betti (2017) { .4 : ' : ; O
Guo (2019) “« : : . i
O~ i : ; ! O | Beta
Hafeez (2018) § ® —O0 ; Power
Pertin (2019) é e— 0O i
Ehrhardt (2021) .‘——O )
Hoffman (2005) ®e—H—O i § : )
Pérez-Edgar (2013) @«————Q : : g
Wang (2015) -« : . ‘ :
SRR ; - SRS
Verona (2009) @- : : : : O
E : : : ~ FAA
Quaedflieg (2015) O ' ; ¥ 3 O
Diising (2016) @2 : : : § @
Brouwer (2011) @o—@®
Peterson (2011) .<—O
Kawamoto (2013) .‘_*—O
Al-Shargie (2017) i § o—O0 i J

Fig. 3. Figure showing which data from each article is used in the meta-analyses. Top part of the figure: identification of the different phases which can be present
in each article. Middle part of the figure: identification of the type of EEG data which is collected during the corresponsing phase and the occurrence of the different
phases with respect to time. Resting-state recording: indicates that during this phase, resting-state EEG data is collected. Recording during task: indicates that during this
phase, EEG data is recorded while a participant is actively engaged with a task. Lower part of the figure: shows which data from each article is used in the meta-
analysis. A blue circle denotes data used in the meta-analysis from a phase in which no psychosocial stressor is present. These phases are either the baseline phase or
the control phase. A yellow circle denotes data used in the meta-analysis from a phase in which a psychosocial stressor is present or a phase where the effects of a
psychosocial stressor are still present. These phases are either the anticipatory phase, the reactive phase or the recovery phase. An arrow indicates the comparison
made between the data from the phase in which a psychosocial stressor is present and the phase without a psychosocial stressor. A light blue/yelow circle indicates
that the corresponding article contains data from the indicated phases, but that this data is not used in the meta-analysis. The articles are defined on the left of the
figure, and are grouped based on the EEG measure on which a meta-analysis is conducted (indicated at the right of the figure). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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results (test value (T-test or F-test), p-value, effect size and a short
summary) and (if present) a priori sample size or power calculations.
This information can be found in the supplementary materials (Sys-
tematic Review - Extracted Information).

2.5. Data analysis

Three EEG measures, frontal alpha asymmetry (FAA), alpha power,
and beta power, were selected for meta-analyses as these measures were
utilized in more than five articles (FAA: 13 articles, alpha power: 12
articles, beta power: 8 articles; Tufanaru et al., 2015). Although theta
power was also utilized in a sufficient number of articles (i.e., 6 articles),
no meta-analysis was conducted for this EEG measure due to an
important difference between the articles. Three articles calculated
theta power from stimulus-locked epochs and investigated
stimulus-evoked neural activity whereas the other three articles used
continuous EEG data which was not stimulus-locked. Although it is
likely that some relation exists between the mechanisms underlying
evoked and induced neuronal activity, it remains difficult to accurately
compare the obtained power values from each response type (David
et al., 2006). When no relevant values (means + standard deviations)
were given in the articles, the authors were contacted and if no response
was obtained, values were extracted from the figures using GRABIT, a
MATLAB toolbox designed for extracting data points from figures (Jiro,
2021). Both the data extraction method for each paper in the
meta-analyses and the obtained values for the meta-analyses can be
found in the supplementary materials (Meta-Analysis — Data Extraction
Procedure; Meta-Analysis - Numbers). Data in several articles were
pooled to obtain a single value for the EEG measure using formulas 1 and
2. In both formulas, n; denotes the number of participants in study i.

k

>~ (nymean;)
Meanpaalzd = l:lki (1)
2on
i=1
k
>(n; — 1)variance;
Variancepppies == (2)

M=

(ni—1)

1

Since different articles report results from different phases of the
stress response (anticipatory, reactive, recovery), values for the meta-
analyses are defined as the difference between the mean value from a
phase of the study in which no psychosocial stressor is present (baseline:
recording at the start of the experiment; control condition: a participant
performs a task without the additional presence of a psychosocial
stressor) and the mean value from a phase of the study where a psy-
chosocial stressor is present (anticipatory phase: a participant is aware of
the upcoming task; reactive phase: a participant is directly exposed to a
psychosocial stressor) or where the effects of a psychosocial stressor are
still present (recovery phase: right after a participant has been exposed to
a psychosocial stressor). Differences between two phases are interpreted
as changes in the EEG measure due to the presence of a psychosocial
stressor. An overview of the phase-specific comparisons which have
been used in the meta-analyses is shown in Fig. 3. For two articles,
multiple phase comparisons were possible (see Fig. 3). Only one com-
parison from each study was included to not introduce possible biases in
the meta-analysis that might have been present in the study. For the
article by Betti and colleagues (2017), we chose to include the baseline-
recovery comparison since both phases report data from resting-state
EEG, which is not the case with the baseline-reactive comparison. For
the study by Wang et al. (2015), we chose to include the
baseline-anticipatory comparison, since both phases report data from
resting-state EEG, which is not the case with the baseline-reactive
comparison. The decision to include the baseline-anticipatory instead
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of the baseline-recovery comparison was made because the baseline
phase is closer to the anticipatory phase compared to the recovery phase
in time. One article by Izhar et al. (2019) contained theta power values
and thus was eligible for the meta-analysis but was not included since
the reactive phase was compared to a baseline recording. Since partic-
ipants were engaged with a task in the reactive phase, differences be-
tween this phase and the resting-state baseline recording to which the
obtained EEG data was compared, could not be uniquely attributed to
the presence of a psychosocial stressor.Whereas the comparison of two
phases within an article makes it possible to investigate the influence of
psychosocial stress in the different phases of the stress response, a
considerable amount of variability is still present between the articles
that are included in the meta-analyses. Therefore, it is likely that the
reported results are not only representative of the underlying effect of
psychosocial stress but are also influenced by other factors as well,
resulting in possible differences regarding reported results and effect
sizes. For these reasons, a random effects model is chosen to perform the
meta-analyses, since random effects models in meta-analyses do not
assume statistical homogeneity or a common effect size between
included studies (Tufanaru et al., 2015). To assess possible publication
bias, funnel plots are generated, and the Egger’s test is conducted to
assess funnel plot asymmetry (Egger et al., 1997; Sterne et al., 2011).
The generation of the funnel plots and subsequent Egger’s tests are
conducted in R (version 4.1.1). The complete analysis can be found in
the supplementary materials (Meta-Analysis — Publication Bias Analysis)
and the R files can be found on GitHub.! No subgroup analyses are
conducted regarding the specific stressor phases due to the limited
number of included articles. To correct for small samples, which tend to
overestimate effect sizes, hedges’ g is used for effect size calculation. The
meta-analyses were conducted using Review Manager (RevMan),
version 5.4.1 (Review Manager (Revman), 2012). The MATLAB code
used for data pooling as well as the final RevMan file containing the
meta-analytic results can be found on GitHub.'

3. Results
3.1. Search results

After deduplication of the articles, a total of 9088 publications were
pinpointed as potentially relevant (3427 from PubMed, 3571 from Web
of Science, 6152 from Embase and 10 from reference lists of publica-
tions). After abstract review, 8891 publications were excluded, leaving
196 articles for full text review. After a full text review, 162 publications
were excluded, leaving 34 articles suitable for this systematic review.
From these 34 articles, 7 were identified as reporting from the same
population (Subhani et al., 2013, 2016a,b): and (Al-Shargie et al., 2016;
2017a; 2017b, 2018). Therefore, the 34 articles selected for this sys-
tematic review report on 29 distinct participant populations (n = 1213,
age range = 18-50 years, the characteristics of the studies are presented
in Table 1).

3.2. Quality assessment and analysis of bias

The results of the quality assessment and analysis of bias are shown
in Table 2. The average score from the risk of bias analysis is 74.47%
(standard deviation = 9.95; minimum = 57%; maximum = 93%),
showing a high variability in the final scores. Overall, all articles pre-
cisely describe their research questions and hypotheses (question one)
and that almost all articles employ an appropriate study design (ques-
tion two). Large differences however are found in the description of the
demographic information of the sample population (question three), the
explanation of the blinding of the participants (question seven), the

! https://github.com/dx2r/Systematic-Review-and-Meta-Analysis-Psychos
ocial-stress-EEG-.git.
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Table 1

Demographics, investigated neural activity, employed stressor paradigm, employed phase comparison, employed EEG measure, and employed frequency ranges of the
included articles. Legend: Ppts = Participants; M = Mean; STD = Standard Deviation; Activity = type of neural activity which is investigated; Induced = task-induced
neural activity; Evoked = task-evoked neural activity; Paradigm = employed psychosocial stressor; MIST = Montreal Imaging Stress Task (Dedovic et al., 2005); MAST
= Maastricht Acute Stress Test (Smeets et al., 2012); SET = paradigms employing social-evaluative threat as stressor; TSST = Trier Social Stress Test (Kirschbaum et al.,
1993); Cyberball = Cyberball paradigm (Williams et al., 2000); SJP = Social Judgment Paradigm (van der Molen et al., 2017); SPT = Social Performance Task
(Harrewijn et al., 2016); Anticipation = Anticipatory phase; Reactive = Reactive Phase; Recovery = Recovery phase; Recovery onroi = @ recovery phase from a
non-psychosocial stressed situation; Control = Control Condition; Baseline = Baseline Recording; Measure = The EEG measure used in the article; A, = Alpha Power;
Bpow = Beta Power; Tp,,, = Theta Power; Dp,,, = Delta Power; Sp,,, = Sigma Power; FAA = Frontal Alpha Asymmetry; RG = Relative Gamma; SR = Slowing Ratio; AAC
= Alpha Attenuation Coefficient; dPAC = Debiased Phase-Amplitude Coupling; AAC = Amplitude-Amplitude Correlation; PR = Theta-Alpha Power Ratio. (|) =
Significant decrease; (1) = Significant increase; (—) = insignificant change; FR = Frequency ranges used in the article.

Author Year Ppts Pptsmale  Age (M + Activity ~ Paradigm  Stress Phase = No-StressPhase = Measure FR (Hz)
STD)

Al-Shargie 2016 22 22 26 + 4 Induced  MIST Reactive Control Apow (1) Alpha: 8-12.5
Bpow (—) Beta: 12.5-30

Al-Shargie 2017b 25 25 22+ 3 Induced MIST Reactive Control Apow (1) Alpha: 8 - 13

Al-Shargie 2017a 22 22 224+ 2 Induced MIST Reactive Control Apow (1) Alpha: 8 - 16

Al-Shargie 2018 18 18 - Induced  MIST Reactive Control Apow (1) Alpha: 8 - 16
FAA (1)

Betti 2017 12 (from 15) 8 40.8 + 9.5 Induced  MAST Reactive Baseline Apow (1) Alpha;: 8-9
Bpow (—) Alpha,: 10-12

Recovery Baseline Apow (1) Beta;: 13-17

Bpow (—) Betay: 18 - 30

Brouwer 2011 9 6 - Induced  SET Reactive Control FAA (-) Alpha: 8- 13

Crost 2008 89 89 24.2 Induced  SET Reactive Control FAA (-) Alpha: 8-10.25

Diising 2016 49 17 22.48 +£3.33 Induced TSST Recovery Baseline FAA (1) Alpha: 8 -13

Ehrhardt 2021 34 (from 38) 19 25.76 + 6.03 Induced  SET Reactive Control Apow (—) Alpha: 8-13
Bpow (—) Beta: 13 - 30

Guo 2020 150 75 23.75 + 1.01 Induced  TSST Recovery Baseline Apow (1) Alphayey: 8-10
Bpow (1) Alphahigh: 10-12

Betajgy: 12-20
Betapign: 20 - 30

Hafeez 2018 14 11 - Induced  MIST Reactive Control Tpow (1) Theta: 4-8
Apow (1) Alpha: 8-16
Bpow (1) Beta: 16 - 31
Hofmann 2005 27 (from 40) 27 19 +1.29 Induced  TSST Anticipation =~ Baseline Apow (1) Alpha: 8-13
FAA (-)
Hofmann 2006 32 0 18.53 + 0.67  Induced  TSST Anticipation ~ Baseline Apow (1) Alpha: 8 - 13
Izhar 2019 4 (Stable) 4 8 19.5 £ 0.76 Induced  TSST Reactive Baseline Bpow (1) Beta: 13 - 30
(Neurotic)
Minguillon 2016 6 - 26.3 + 6.4 Induced MIST Reactive Control Tpow (1) Theta: 4-7
Recovery Control Apow (1) Alpha: 8-13
FAA (]) Beta: 14-24
Bpow (1) Gamma: 25 - 45
RG (1)
Minguillon 2017 6 (from 12) — 25.3 + 4.8 Induced MIST Reactive Recovery RG (1) Theta: 4-7
Alpha: 8-13
Gamma: 25 - 45
Kawamoto 2013 19 8 18.3 Induced  Cyberball  Reactive Control FAA (-) Alpha: 8 - 13
Kortdink 2018 65 (from 78) 0 19.69 + 1.45 Evoked SJP Reactive Control Tpow (1) Theta: 4 - 8
Papousek 2019 62 (from 67) 12 24+ 4 Induced  TSST Anticipation  Baseline FAA (-) Alpha: 8 - 12
Recovery
Perrin 2019 24 24 26.5 + 4 Induced  TSST Recovery Recoverycontrol Dpow (1) Delta: 0.5-4.5
Tpow (1) Theta: 4.5-8
SR (}) Alpha: 8-12
AAC (|) Sigma: 13-15
Spow (=) Beta: 15 - 32
Bpow (1)
Peterson 2011 40 20 - Induced  Cyberball  Reactive Control FAA (-) Alpha:
10.25-12.5
Pérez-Edgar 2013 45 19 21.1 +5.34 Induced  TSST Anticipation  Baseline FAA (-) Alpha: 8- 13
Poppelaars 2018 20 (HSA) 52 19.7 £ 1.5 Induced SPT Anticipation  Baseline dPAC (-) Delta: 1-4
32 (LSA) 20+ 1.6 Recovery AAC (-) Beta: 14 - 30
Poppelaars 2021 64 (from 85) 34 224+ 2.6 Induced  SPT Anticipation  Baseline dPAC (-) Delta: 1-4
(]
229 + 2.8 Recovery AAC (-) Beta: 14 - 30
®
Quaedflieg 2015 70 30 20.83 + 2.67 Induced  MAST Recovery Baseline FAA (-) Alpha: 8 - 13
Subhani 2013 10 10 - Induced  MIST Reactive Control PR (1) Theta: 4-8
Recovery Baseline Alpha: 8 - 12
Subhani * 2016 22 - - Induced  MIST Reactive Control Coherence Alpha: 8-12
m,4) Beta: 13 - 30
Subhani ” 2016 22 - 22+ 1.5 Induced  MIST Recovery Baseline Coherence Alpha: 8-12
o, Beta: 13 - 25
van der Veen 2016 194 48 20.9 +2.3 Evoked SJP Reactive Control Tpow (1) Delta: 2 - 3
Dpow (1) Theta: 5-7

(continued on next page)
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Table 1 (continued)
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Author Year Ppts Pptsmale  Age (M + Activity Paradigm Stress Phase No-Stress Phase Measure FR (Hz)
STD)
Vaquero- 2020 17 (from 20) - 24.2 + 4.03 Induced MIST Reactive Control RG (1) Theta: 4-8
Blasco Recovery Control RG (1) Alpha: 8-13
Gamma: 25 - 45
Vaquero- 2021 19 (from 23) 8 22.65 + 5.48 Induced  MIST Reactive Control RG (1) Theta: 4-8
Blasco Recovery Reactive RG (1) Alpha: 8-13
Gamma: 25 - 45
Verona 2009 43 (from 135) - 24.6 + 6.46 Induced  SET Recovery Baseline FAA (-) Alpha: 8 - 13
Wang 2015 25 (from 80) 13 23.12 £ 2.15 Induced  TSST Anticipation  Baseline FAA (1) Alpha: 8 - 12
Reactive FAA (1)
Recovery FAA ()
Yao 2020 50 (HPS) 23 20.4 £ 0.29 Evoked Cyberball Reactive Control Dpow (1) Alpha: 7-13
50 (LPS) 29 20.16 + 0.32 Tpow (1) Theta: 4-8
Apow (1) Delta: 1 - 4
@ = Subhani, A. R., Malik, A. S., Kamil, N., & Saad, M. N. M.
® Subhani, A. R., Malik, A. S., Kamil, N., Naufal, M., & Saad, M. N. M.
Table 2
Risk of Bias analysis. To obtain the percentage score, the total score was divided by 28 (= 14*2) and multiplied by 100.
Author Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Total Percentage (%)
Al-Shargie et al. (2016) 2 2 0 2 2 2 1 2 0 1 0 2 1 1 18 64
Al-Shargie (2017a, 2017b) 2 2 0 2 2 2 1 2 0 1 1 2 2 2 21 75
Al-Shargie (2017a, 2017b) 2 2 0 2 2 2 1 1 0 1 0 1 2 2 18 64
Al-Shargie (2017a, 2017b) 2 2 0 1 2 2 1 2 0 1 2 1 1 1 18 64
Betti et al. (2018) 2 2 2 2 2 2 1 1 0 0 2 1 2 1 20 71
Brouwer et al. (2011) 2 1 1 1 2 2 2 2 0 1 1 1 2 1 19 68
Crost et al. (2008) 2 1 1 1 1 2 1 2 2 1 1 1 2 2 20 71
Diising et al. (2016) 2 2 2 2 2 2 1 2 1 2 2 1 2 2 25 89
Ehrhardt et al. (2021) 2 2 0 2 2 2 1 2 1 1 2 1 2 2 22 79
Guo et al. (2019) 2 2 1 2 2 2 1 1 2 1 2 1 1 2 22 79
Hafeez et al. (2018) 2 2 1 1 2 2 1 2 0 1 1 1 2 1 19 68
Hofmann et al. (2005) 2 2 2 2 2 2 2 2 0 1 1 1 2 2 23 82
Hofmann (2006) 2 2 2 2 2 2 1 1 0 1 1 1 2 2 21 75
Izhar et al. (2019) 2 2 1 2 2 2 1 2 0 1 2 1 2 2 22 79
Kawamoto et al. (2013) 2 2 0 1 2 2 0 2 0 1 1 1 2 2 18 64
Kortink et al. (2018) 2 2 1 2 2 2 2 2 1 1 0 1 2 2 22 79
Minguillon et al. (2016) 2 2 0 1 2 2 1 1 0 1 0 1 2 2 17 61
Minguillon et al. (2017) 2 2 1 1 2 2 1 1 0 1 0 1 2 2 18 64
Papousek et al. (2019) 2 2 1 2 2 2 2 2 2 1 0 2 2 2 24 86
Pérez-Edgar et al. (2013) 2 2 2 2 2 2 1 1 1 1 2 1 2 2 23 82
Perrin et al. (2019) 2 1 1 2 2 2 2 1 0 1 2 1 1 2 20 71
Peterson et al. (2011) 2 2 2 1 2 2 2 1 0 1 2 1 2 2 22 79
Poppelaars et al. (2018) 2 2 2 2 2 2 2 2 2 1 2 1 2 2 26 93
Poppelaars et al. (2021) 2 2 1 2 2 2 1 2 2 1 2 1 2 2 24 86
Quaedflieg et al. (2015) 2 2 1 2 2 2 2 2 2 1 2 1 2 2 25 89
Subhani et al. (2013) 2 2 0 1 2 2 1 2 0 1 2 1 1 2 19 68
Subhani et al. (2016) * 2 2 0 0 2 2 1 2 0 1 0 1 2 1 16 57
Subhani et al. (2016) ® 2 2 1 1 2 2 1 2 0 1 0 1 1 1 17 61
van der Veen et al. (2016) 2 2 1 2 2 2 1 2 2 1 1 1 2 2 23 82
Vaquero-Blasco et al. (2020) 2 2 0 1 2 2 1 2 0 1 0 1 2 2 18 64
Vaquero-Blasco et al. (2021) 2 2 1 2 2 2 1 1 0 1 0 1 1 2 18 64
Verona et al. (2009) 2 2 1 2 2 2 2 2 1 1 2 1 2 2 24 86
Wang et al. (2015) 2 2 2 2 2 2 1 2 2 1 2 1 2 2 25 89
Yao et al. (2020) 2 2 0 2 2 2 2 2 2 1 0 1 2 2 22 79

# = Subhani, A. R., Malik, A. S., Kamil, N., & Saad, M. N. M.
b Subhani, A. R., Malik, A. S., Kamil, N., Naufal, M., & Saad, M. N. M.

estimate of variance (question 11) and the control of confounding fac-
tors (question 12). It is notable that most articles scored poorly on
question nine, indicating that small sample sizes were common across
the studies. One article did not include any information, 32 out of the 34
included articles scored “partial” (= 1, see above) and one article
included all information on question 10. The extended risk of bias
analysis with answers to the subquestions eight and ten can be found in
the supplementary materials (Risk Of Bias Analysis - Extended Calcu-
lation). It should be noted that the research questions of this systematic
review do not always align with the research questions posed in the
articles. This can lead to lower scores for multiple articles regarding
questions such as the reporting of statistical analysis (question ten c) or

the estimation of variance (question 11).
3.3. Systematic review

The results of the articles included in this systematic review will be
discussed with a focus on which stress phase was investigated and how
the measured EEG variable changed due to the presence of an acute
psychosocial stressor. All results are discussed by making a comparison
between a phase where a psychosocial stressor is present (anticipatory,
reactive or recovery phase) and a phase without the presence of a psy-
chosocial stressor (a baseline recording at the start of the study or a control
condition where participants perform the same task as during the
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reactive phase, but without the presence of a psychosocial stressor). The
anticipatory and recovery phase are compared to a baseline condition if
possible since EEG data from both stress response phases is resting-state
data, which is also the case for a baseline recording. The reactive phase
is compared to a control condition and not a baseline recording, if
possible, since differences between a baseline recording and EEG data
recorded during the reactive phase can not only be attributed to the
psychosocial stressor, but also to the task which is performed during the
reactive phase. An overview of the stress response phases which are
investigated (Stress Phase column) and the phases without psychosocial
stressors to which they are compared (No-Stress Phase column), as well
as the type of neural activity which is investigated (Activity column),
employed psychosocial stressor (Paradigm column), investigated EEG
measure and reported findings (Measure column) and specific frequency
ranges (FR column) can be found in Table 1. Three types of results have
been identified in the included articles: spectral power features, spectral
power derived features, and functional connectivity features. Spectral
power features are calculated by obtaining the power spectral density,
usually through a Fourier transformation, and selecting a frequency
band of interest to calculate the average power within it (Cohen, 2014).
Spectral power derived features use spectral power measures for their
calculation but combine multiple power values from distinct spatial
locations or different frequency ranges. Functional connectivity features
investigate temporal dependencies between spatially distinct neuro-
physiological events and give insight into the communicational me-
chanics of the brain (Friston, 1994). Results are grouped by the type of
EEG feature, namely power, power-derived and functional connectivity
features. The employed psychosocial stress paradigms are not discussed,
unless necessary to understand the results, but can be found in Table 1.
When discussing results, “significant” is defined as statistically signifi-
cant (p < 0.05) after multiple comparison correction (if applied in the
article itself).

3.3.1. Power features

3.3.1.1. Delta power. In three articles, delta power was employed as a
measure to investigate psychosocial stress. van der Veen and colleagues
(2016) investigated the reactive phase by employing the social judgment
paradigm (SJP), where participants need to guess whether other par-
ticipants would like or dislike them after seeing a picture of them and
afterwards receive the corresponding, computer-generated, feedback.
This paradigm leads to four possible conditions: expected or unexpected
acceptance/rejection, and the delta power has been calculated from the
corresponding ERP segments (Somerville et al., 2006). They found a
significantly decreased delta power when participants were rejected
(expected or unexpected) or unexpectedly accepted compared to the
expected acceptance condition. This effect was the only significant effect
and was found at electrode FCz. Yao et al. (2020) also employed the
social judgment paradigm and found that delta power was increased
when participants experienced feedback in a social context (reactive
phase) compared to a nonsocial context (control condition). Perrin et al.
(2019) looked at the delta frequency band (electrodes Fz, C3, C4, Cz, Pz,
Oz) throughout the day after a public speaking task in the morning
(recovery phase). They found that the delta power was significantly
lower after this speaking task compared to a control condition (i.e., no
speaking task in the morning).

3.3.1.2. Theta power. In six articles, results regarding theta power are
reported. In three articles, task-evoked neural activity in the reactive
phase was investigated during the SJP (see section 3.3.1. for clarity)
(Somerville et al., 2006). In two articles, significantly increased theta
power during the unexpected rejection condition compared to the other
conditions was reported (Kortink et al., 2018; van der Veen et al., 2016),
whereas in the third article an overall increase in theta power during
social feedback was reported (reactive phase) compared to a control
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condition (Yao et al., 2020). Minguillon et al. (2016) investigated the
reactive and recovery phase and found that theta power was decreased
during the reactive phase when compared to both a control condition or
the recovery phase. This decrease in theta power during the reactive
phase compared to a control condition was also found by Hafeez et al.
(2018). Perrin et al. (2019) investigated the recovery phase and found
that theta power was significantly higher when compared to the re-
covery phase of a control condition.

3.3.1.3. Alpha power. In twelve articles, alpha power changes from
(mainly) the frontal electrodes are reported (Al-Shargie et al., 2016,
2017a, 2017b, 2018; Betti et al., 2018; Ehrhardt et al., 2021; Guo et al.,
2019; Hafeez et al., 2018; Hofmann, 2006; Hofmann et al., 2005; Min-
guillon et al., 2016; Yao et al., 2020). In eight articles, the reactive
phase, compared to a control condition, was investigated and seven
times a significant decrease in alpha power during the reactive phase
(Al-Shargie et al., 2016, 2017a, 2017b, 2018; Hafeez et al., 2018; Min-
guillon et al., 2016; Yao et al., 2020) was found. In one article however,
a nonsignificant drop in alpha power between the reactive phase (when
participants perform the paced auditory serial addition task (PASAT,
Gronwall and Sampson, 1974) with time constraint and social feedback)
and a control condition (PASAT with only a time constraint) was found
(Ehrhardtet al., 2021). In one article the reactive phase was compared to
a baseline recording instead of a control condition and an increase in
alpha power during the reactive phase was found, which is contrary to
all other articles in which alpha power was employed (Betti et al., 2018).
The anticipatory phase, compared to a baseline recording, was investi-
gated in two articles and a significant reduction in alpha power during
the anticipatory phase was found in both articles (Hofmann, 2006;
Hofmann et al., 2005). Finally, in two articles results from the recovery
phase, compared to a baseline recording, were reported and here a
significant decrease in alpha power during this phase of the psychosocial
stress response was found (Betti et al., 2018; Guo et al., 2019).

3.3.1.4. Sigma power. One article investigated the influence of psy-
chosocial stress on sleep quality and investigated if sigma power (13-15
Hz) was affected during the recovery phase (Perrin et al., 2019). Sigma
power, linked with sleep quality of sleeping individuals (Spiegelhalder
et al., 2012), was not significantly affected by psychosocial stress in the
recovery phase.

3.3.1.5. Beta power. Beta power variations due to psychosocial stress
were investigated in eight articles, which report results from the reactive
and recovery phase (Al-Shargie et al., 2016; Betti et al., 2018; Ehrhardt
et al., 2021; Guo et al., 2019; Hafeez et al., 2018; Izhar et al., 2019;
Minguillon et al., 2016; Perrin et al., 2019). In five articles, the reactive
phase was compared to a control condition (Al-Shargie et al., 2016;
Ehrhardt et al., 2021; Hafeez et al., 2018; Minguillon et al., 2016; Perrin
et al., 2019). Hafeez et al. (2018) as well as Perrin et al. (2019) reported
significantly higher beta power during the reactive phase. Al-Shargie
et al. (2016) also reported higher beta power during the reactive phase,
but this difference is not significant. Minguillon et al. (2016) reported a
significantly higher beta power during the reactive phase compared to
the recovery phase for both prefrontal (Fp1, Fp2) and frontal (Fz, F3, F4,
F7, F8) electrodes. When compared to a control condition, the beta
power is significantly higher during the reactive phase, but only at the
frontal electrodes. Ehrhardt et al. (2021) reported, contrary to other
articles investigating the reactive phase - control condition difference, a
decrease in beta power during the reactive phase, although this differ-
ence is nonsignificant. In two articles, the reactive phase was also
investigated, but was compared to a baseline recording instead of a
control condition (Betti et al., 2018; Izhar et al., 2019). Izhar et al.
(2019) reported a significant increase in beta power during the reactive
phase, whereas Betti et al. (2018) reported a reduction in beta power,
although this was not significant. Finally, in two articles results from the
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recovery phase, compared to a baseline recording were described (Betti
et al., 2018; Guo et al., 2019). Guo et al. (2019) reported a significant
increase in beta power during the recovery phase, whereas Betti et al.
(2018) reported an insignificant increase.

3.3.2. Power-derived features

3.3.2.1. Slowing ratio. In one paper, the slowing ratio (an EEG measure
reflecting cortical arousal during sleep, defined as the ratio of the power
in the slower (delta, theta, 0.5-8Hz) frequency ranges by the power of
the faster (alpha, sigma, beta, 12-32Hz) ranges (D’'Rozario et al., 2013))
measured during the recovery phase was significantly lower after the
psychosocial stress exposure compared to a control condition (Perrin
et al., 2019).

3.3.2.2. Theta-alpha power ratio. Subhani et al. (2013) used theta-alpha
power ratio (an index reflecting the internal and external load on an
individual, defined as the ratio of the theta power value at electrode Fz
by the alpha power value at electrode Pz (Holm et al., 2009)) in both the
reactive and recovery phase. In the reactive phase, they found that the
theta-alpha power ratio was significantly higher during the stress con-
dition compared to the control condition. This difference did not persist
in the recovery phase.

3.3.2.3. Relative gamma. In four papers, relative gamma (RG, an index
initially identified in research regarding meditation and defined as the
ratio of gamma band power by the average power of the combined theta
and alpha band (Lutz et al., 2004; Steinhubl et al., 2015)) was used.
Minguillon and colleagues (2016, 2017) investigated RG during the
reactive and recovery phase (2016) and during the recovery phase
(2017) at the prefrontal (Fpl, Fp2), frontal (Fz, F3, F4, F7, F8), central
(Cz, C3, C4) and parietal (Pz, T5, T6) electrodes. During the reactive
phase, RG was significantly higher during the stress condition compared
to the control condition for all electrode locations (Minguillon et al.,
2016). During the recovery phase, relative gamma decreased signifi-
cantly compared to the reactive phase, again for all electrode positions
(Minguillon et al., 2016, 2017). Vaquero-Blasco and colleagues (2020,
2021) reported alterations in RG during the reactive and recovery phase.
RG decreased from the reactive to the recovery phase, although it is not
clear whether this was significant or not due to the specific research
question of the studies and corresponding absence of relevant p-values.

3.3.2.4. Frontal alpha asymmetry. Frontal Alpha Asymmetry (FAA) is
computed by obtaining the natural log transformed power in the alpha
frequency band from two frontal EEG electrodes that are opposite
symmetric compared to the midline (mostly F3/F4 or F7/F8) and sub-
tracting the power value of the left electrode from the right (see formula
3). FAA reflects approximately the relative difference between the alpha
power of the frontal part of the left and right hemisphere, and a positive
FAA value indicates a relative greater alpha power of the right frontal
hemisphere. Changes in FAA are believed to denote emotional or
motivational responses of an individual whereby an increase in FAA
(indicating an increase of relative right hemispheric activity) likely in-
dicates more withdrawal-related states (Smith et al., 2017).

FAA =In(P,(right)) — In(P,(left)) 3

In thirteen articles, FAA was used to investigate the various phases of
the psychosocial stress response (Al-Shargie et al., 2018; Brouwer et al.,
2011; Crost et al., 2008; Diising et al., 2016; Hofmann et al., 2005;
Kawamoto et al., 2013; Minguillon et al., 2016; Papousek et al., 2019;
Pérez-Edgar et al., 2013; Peterson et al., 2011; Quaedflieg et al., 2015;
Verona et al., 2009; Wang et al., 2015). In four articles, the anticipatory
phase, compared to a baseline recording, was investigated (Hofmann
et al., 2005; Papousek et al., 2019; Pérez-Edgar et al., 2013; Wang et al.,
2015). In three articles a decrease in FAA was reported, one significant
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(Wang et al.,, 2015), and two insignificant (Hofmann et al., 2005;
Pérez-Edgar et al., 2013). Papousek et al. (2019) however, reported an
increase in the laterality coefficient (which can be understood as a
normalized version of FAA) but these results were also insignificant. In
seven articles the reactive phase was investigated. In six articles, it was
compared to a control condition (Al-Shargie et al., 2018; Brouwer et al.,
2011; Crost et al., 2008; Kawamoto et al., 2013; Minguillon et al., 2016;
Peterson et al., 2011), whereas in one article it was compared to a
baseline recording (Wang et al., 2015). In four articles, a decrease in
FAA was reported during the reactive phase compared to either a control
condition or a baseline recording, three times significant (Al-Shargie
et al., 2018; Minguillon et al., 2016; Wang et al., 2015), and one time
insignificant (Kawamoto et al., 2013). Twice an increase in FAA during
the reactive phase was reported, but neither were significant (Brouwer
et al., 2011; Peterson et al., 2011). In one article the participant popu-
lation was divided by anxiety and defensiveness scores, so an overall
result of FAA changes is not present (Crost et al., 2008). Finally, in four
articles the recovery phase, compared to a baseline recording was
investigated (Diising et al., 2016; Quaedflieg et al., 2015; Verona et al.,
2009; Wang et al., 2015). In three articles, small increases in FAA were
reported, but aside from the results of electrode pair F3/F4 from Diising
et al. (2016), no results were significant (Diising et al., 2016; Quaedflieg
etal., 2015; Verona et al., 2009). In one article, no change at all between
baseline and recovery was found (Wang et al., 2015).

Aside from frontal alpha asymmetry, 3 articles also reported alpha
asymmetry results, but from the parietal regions (Crost et al., 2008;
Hofmann et al., 2005; Pérez-Edgar et al., 2013). Hofmann et al. (2005)
as well as Pérez-Edgar et al. (2013) investigated the anticipatory phase,
compared to a baseline recording, and neither found a significant result.
Crost et al. (2008) investigated the reactive phase, compared to a control
condition, and found no significant results.

3.3.2.5. Alpha attenuation coefficient. In one paper, the alpha attenua-
tion coefficient (AAC, an index of sleepiness and defined as the division
of the mean alpha power during an eyes-closed resting state recording
by the mean alpha power during an eyes-open resting state recording
(Stampi et al., 1995)) was used and a significant lower AAC during the
recovery phase when participants were exposed to a psychosocial
stressor compared to the recovery after a control condition was found
(Perrin et al., 2019).

3.3.3. Functional connectivity features

3.3.3.1. Coherence. In two articles, reporting results of the same
experiment and population, coherence (a FC measure that infers the
similarity between the power spectra of two time series and can roughly
be understood as the frequency equivalent of cross-correlation (Cohen,
2014)) was used to investigate psychosocial stress-related brain activity
alterations. Subhani et al. (2016a) reported the results of the reactive
phase of the stress response compared to a control condition and found
increased coherence within the left and right frontal central electrode
clusters as well as decreased coherence between both clusters in the
delta band, increased coherence mainly between the right fronto-central
electrodes in the theta band, increased coherence mainly between the
prefrontal, frontal and central electrodes in the alpha band and
increased coherence between the frontal, central and temporal/parietal
electrodes in the beta band. Subhani et al. (2016b) compared the stress
recovery phase to a baseline recording collected before the start of the
experiment and found decreased coherence mainly between the right
frontal and central electrodes in the delta band, decreased coherence
mainly between the occipital, temporal, parietal and right frontal elec-
trodes as well as increased coherence between the prefrontal and left
central electrodes in the theta band, some decreased coherence between
occipital electrodes in the alpha band and increased coherence between
the Pz electrode and frontal and prefrontal electrode in the beta band. It
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should be noted that the coherence between all electrodes (19 in total)
and within multiple frequency bands had been calculated and that the
results were not corrected for multiple comparisons, so these results
should be interpreted with caution.

3.3.3.2. Phase-amplitude coupling and amplitude-amplitude correlation”.
Poppelaars and colleagues (2018, 2021) used both phase-amplitude
coupling (a FC measure investigating the relationship between the
phase of an EEG signal in a low frequency band with the amplitude of an
EEG signal in a high frequency band (Tort et al.,, 2010)) and
amplitude-amplitude correlation (a FC measure investigating the rela-
tionship between the amplitudes of EEG signals in different frequency
ranges (Knyazev, 2011)) between the delta and beta band (Poppelaars
et al., 2018, 2021). They investigated the anticipatory and recovery
phase but found no significant effects due to the psychosocial stressor
using either the phase-amplitude coupling or the amplitude-amplitude
correlation.

3.4. Meta-analytic results

3.4.1. Alpha power

From the 12 articles in which results regarding alpha power changes
were reported, five articles were omitted from further meta-analysis. In
four articles, results from the same population were reported (Al-Shargie
et al., 2016; 2017a; 2017b, 2018), so the article reporting results from
the largest population was included in the meta-analysis (Al-Shargie
et al., 2017b), whereas the other three were discarded (Al-Shargie et al.,
2016; 2017a, 2018). Two articles were omitted as it was not possible to
extract the results (Minguillon et al., 2016; Yao et al., 2020). Therefore,
seven articles are included in the meta-analysis (Al-Shargie et al., 2017a,
2017b; Betti et al., 2018; Ehrhardt et al., 2021; Guo et al., 2019; Hafeez
et al., 2018; Hofmann, 2006; Hofmann et al., 2005). As mentioned in
section 2.5., the article from Betti et al. (2018) investigated alpha power
in both the reactive and recovery phase. Since the EEG data from both
phases is compared with a baseline, resting-state recording at the start of
the experiment, results from the recovery phase are chosen for the
meta-analysis, since resting-state data is also recorded in this stage,
which is not the case in the reactive phase (see Fig. 3). Interestingly, the
result of the reactive phase from Betti et al. (2018) reports a small to
moderate negative effect size (hedge’s g = —0.23) and is the only
negative effect size (which can be understood as an increase in alpha
power) of all articles included in the alpha power meta-analysis.

Fig. 4 shows the details regarding the alpha power meta-analysis.
Overall, a significant effect was found (SMD = 0.6; [0.24, 0.96]; Z =
3.30; p = 0.001), showing that alpha power significantly decreases due
to psychosocial stress, regardless of the stress phase which was investi-
gated. Heterogeneity tests show that high heterogeneity is present in the
meta-analysis (I1? = 68%; p = 0.005). Due to the limited amount of
included studies, no further subgroup analysis can be performed to
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further investigate the reasons for this heterogeneity, but the low
number of articles as well as the low number of participants in multiple
studies might be the reason. Analyses suggest that no publication bias is
present (p = 0.336, see supplementary material Meta-Analysis — Publi-
cation Bias Analysis).

3.4.2. Beta power

From the eight articles in which beta power results are described,
five articles were included in the meta-analysis (Betti et al., 2018; Ehr-
hardt et al., 2021; Guo et al., 2019; Hafeez et al., 2018; Perrin et al.,
2019). Three articles were omitted, two due to the absence of data or
figures (Al-Shargie et al., 2016; Minguillon et al., 2016) and one due to
the fact that the reactive phase (EEG data during a task) was investi-
gated, whereas only a baseline, resting-state EEG recording was present
for comparison (Izhar et al., 2019). Similarly to the alpha power
meta-analysis, Betti et al. (2018) report results from both the reactive
and recovery phase. To eliminate bias in the meta-analysis, only one
result was chosen to be included and, similarly to the alpha power
meta-analysis, we chose to include the result reporting changes in the
recovery phase (see section 2.5. and Fig. 3). The effect size reported by
Betti et al. (2018) for the reactive phase compared to the baseline
recording is small (hedge’s g = 0.14), showing a small decrease in
overall beta power during the reactive phase compared to the baseline
measurement.

Fig. 5 shows the details regarding the beta power meta-analysis.
Overall, no significant effect was found (SMD = —0.31; [-0.88 0.27];
Z = 1.05; p = 0.29), meaning that beta power did not change signifi-
cantly from a non stressed condition to a psychosocially stressed con-
dition. Due to the limited number of articles included in the meta-
analysis, no further subgroup analysis can be performed. Heterogene-
ity tests show that high heterogeneity is present (12 = 80%; p = 0.0001).
Similarly to the alpha power meta-analysis, the low amount of results
combined with the small sample size is likely the reason for this het-
erogeneity. The Egger’s test indicated that no publication bias is present
(p = 0.13, see supplementary material Meta-Analysis — Publication Bias
Analysis). However, due to the low number of included studies, this
result should be interpreted with caution since the Egger’s test might
lack sufficient power to correctly identify publication bias (Sterne et al.,
2011).

3.4.3. Frontal alpha asymmetry

From the thirteen articles in which FAA results are reported, 10 ar-
ticles are eligible for concurrent meta-analyses. Three articles were
omitted from the analysis due to the absence of data or figures (Crost
et al., 2008; Minguillon et al., 2016; Papousek et al., 2019). Two
meta-analyses have been run for FAA, since FAA can be calculated for
multiple electrode pairs and results from two electrode pairs, the F3/F4
and F7/F8 pairs, were commonly reported. Therefore, a meta-analysis
has been conducted for each of these electrode pairs. In each
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Fig. 4. Forest plot illustrating the standardized mean differences (SMD), individual effect sizes, overall effect size and heterogeneity statistics for the meta-analysis
examining changes in alpha power from a control (non-stressed) condition to a stress condition. Hofmann et al., 2005 and Hofmann (2006) report a baseline -
anticipatory phase comparison; Al-Shargie 2017a, 2017b, Hafeez et al., 2018 and Ehrhardt et al., 2021 report a control condition - reactive phase comparison; Betti

et al.,, 2018 and Guo et al., 2019 report a baseline - recovery phase comparison.
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Fig. 5. Forest plot illustrating the standardized mean differences (SMD), individual effect sizes, overall effect size and heterogeneity statistics for the meta-analysis
examining changes in beta power from a control (non-stressed) condition to a stress condition. Hafeez et al., 2018, Perrin et al., 2019 and Ehrhardt et al., 2021 report
a control condition - reactive phase comparison; Betti et al., 2018 and Guo et al., 2019 report a baseline - recovery phase comparison.

meta-analysis eight articles are included. In six articles, FAA results were
reported for both electrode pairs (Al-Shargie et al., 2018; Brouwer et al.,
2011; Diising et al., 2016; Peterson et al., 2011; Quaedflieg et al., 2015;
Wang et al., 2015). In two articles, the results for the F3/F4 electrode
pair alone were reported (Hofmann et al., 2005; Pérez-Edgar et al.,
2013), whereas results for only the F7/F8 electrode pair were reported
in two other articles (Kawamoto et al., 2013; Verona et al., 2009). Wang
et al. (2015) reported results from multiple phases (anticipatory, reac-
tive, and recovery), so to avoid bias in the meta-analyses, only one result
is included. We chose to include the results from the anticipatory phase
as this phase lies closest to the baseline recording in time, therefore
making it the least likely to be affected by unknown influences intro-
duced throughout time (see section 2.5. and Fig. 3).

3.4.3.1. F3/F4 electrode pair. Fig. 6 shows the details regarding the FAA
meta-analysis for electrode pair F3-F4. Overall, no significant effect was
found (SMD = —0.01; [-0.20 0.22]; Z = 0.09; p = 0.93), showing that
over the various phases of the psychosocial stress response, FAA when
calculated using frontal electrodes F3 and F4 does not change signifi-
cantly. No subgroup analysis was performed as not enough articles are
present in the meta-analysis. Heterogeneity tests indicate low hetero-
geneity (I% 32%, p = 0.17), indicating that the articles in this meta-
analysis likely report the same effect. No publication bias was detec-
ted by the Egger’s test (p = 0.15, see supplementary material Meta-
Analysis — Publication Bias Analysis).

3.4.3.2. F7/F8 electrode pair. Fig. 7 shows the details regarding the FAA
meta-analysis for electrode pair F7-F8. Overall, no significant effect was
found (SMD = —0.02; [—0.19 0.15]. Z = 0.21; p = 0.84), showing that
FAA, calculated using electrodes F7 and F8, does not change consistently
throughout the psychosocial stress response. Due to the low number of
included studies, no subgroup analysis investigating the variations in
FAA between the various phases were conducted. Heterogeneity tests
showed no heterogeneity in this meta-analysis (I = 0%; p = 0.78). No

Control Condition Stress Condition

publication bias was detected by the Egger’s test (p = 0.54, see sup-
plementary material Meta-Analysis — Publication Bias Analysis).

4. Discussion

In this systematic review and subsequent meta-analyses, we inves-
tigated how brain activity of healthy adults, measured by means of EEG
spectral analyses, changes due the presence of an acute, laboratory-
controlled psychosocial stressor and how these induced changes might
vary throughout the three phases (anticipatory, reactive and recovery)
of the psychosocial stress response. Results from the systematic review
show that a large variety (13 in total) of EEG measures have been
employed. Stress phase dependence seems present for some EEG mea-
sures, whereas other measures seem more phase independent, show
inconsistencies within or between stress phases or are not affected by
psychosocial stress. Alpha power shows a relative congruent trend of
decreasing under the influence of psychosocial stress, regardless of the
stress phase, as ten of the twelve articles investigating alpha power
report a significant decrease. This trend is also found in the subsequent
meta-analysis of alpha power, since a significant effect size is found
(SMD = 0.6, p = 0.001) when evaluating changes in alpha power over all
stress phases. Beta power shows a tendency to increase due to psycho-
social stress as five out of the eight articles investigating beta power
report a significant increase, whereas one article reports an insignificant
increase. Two articles report decreases in beta power, although insig-
nificant. However, when investigating changes of beta power over all
stress phases through a meta-analysis, no significant effect was found
(SMD = —0.31, p = 0.29). Other measures such as delta power, theta
power, relative gamma and theta-alpha power ratio seem to indicate
more stress phase dependent changes whereas FAA and coherency do
not show consistency between or within stress phases, and the phase-
amplitude coupling and amplitude-amplitude correlation do not seem
affected by psychosocial stressors. The assessment of stress phase
dependence or independence is difficult to assess given that certain
stress phases are either overrepresented (reactive phase in alpha power),

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD  Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Disging 2016 0.021 0148 49 0082 0211 49 16.5% -0.33[-0.73,0.07] —_— ==

Brouwer 2011 0.063 0.0597 9 0.0699 0.0363 9 46% -013[1.06,0.79) 4

Pérez-Edgar 2013 0.009 0158 38 0058 0515 3| 142% -0.13[-0.58, 0.32] —

Peterson 2011 -0.03 D33 40 a 017 40 147% -0.11 [-0.55, 0.33] S E—

Quaedflied 2015 -0.024 01506 70 -0.01 D422 7O 20.2% -010[-0.43,0.24] ———

Hofrmann 2005 01298  0.051 27 01101 01043 27 11.2% 0.24 [-0.30,0.77]

Wang 2014 0.0z 0.21 25 -0.07 0.z 25 10.5% 0.43[-0.13, 0.99] >
Al-Shargie 2017 -0.0867 01287 18 -016 0.0294 18 7.9% 0.66 [-0.01,1.34] >
Total (95% CI) 276 276 100.0% 0.01[-0.20, 0.22]

Heterogeneity: Tau®=0.03; Chi*=10.31,df =7 {P=017); F= 32%
Testfor overall effect: Z=0.09 (P =0.493)

e sl

Il 1 1
05 025 0 025 05
Increase in FAA Decrease in FAA

Fig. 6. Forest plot illustrating the standardized mean differences (SMD), individual effect sizes, overall effect size and heterogeneity statistics for the meta-analysis
examining changes in frontal alpha asymmetry (electrode pair F3-F4) from a control (non-stressed) condition to a stress condition. Hofmann et al., 2005, Pérez-Edgar
etal., 2013 and Wang et al., 2015 report a baseline - anticipatory phase comparison; Quaedflieg et al., 2015 and Diising et al., 2016 report a baseline - recovery phase
comparison; Brouwer et al., 2011, Peterson et al., 2011 and Al-Shargie 2017a, 2017b report a control condition - reactive phase comparison.
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Fig. 7. Forest plot illustrating the standardized mean differences (SMD), individual effect sizes, overall effect size and heterogeneity statistics for the meta-analysis
examining changes in frontal alpha asymmetry (electrode pair F7-F8) from a control (non-stressed) condition to a stress condition. Wang et al., 2015 report a
baseline - anticipatory phase comparison; Quaedflieg et al., 2015, Verona et al., 2009 and Diising et al., 2016 report a baseline - recovery phase comparison;
Al-Shargie 2017a, 2017b, Brouwer et al., 2011, Kawamoto et al., 2013 and Peterson et al., 2011 report a control condition - reactive phase comparison.

not investigated (anticipatory phase in beta power), or too little articles
have used the specific EEG measure to assess phase dependence sys-
tematically. The results will be further discussed by the type of measure
(power, power-derived and functional connectivity) which has been
investigated. When employing the term “significant” during the dis-
cussion, statistical significance (p < 0.05) after multiple comparison
correction (if applied in the articles) is implied.

Delta power increased during the reactive phase and decreased in the
recovery phase (Perrin et al., 2019; van der Veen et al., 2016; Yao et al.,
2020). The observed short-term increase in delta power during exposure
to a stressor might thus reflect the high salience and motivational rele-
vance of the applied psychosocial stressors within ERP segments
(Knyazev, 2012). The observed decrease in delta power after exposure to
a psychosocial stressor (i.e., during the recovery phase (Perrin et al.,
2019)) might reflect the heightened vigilance of participants. Although
the fact that both an increase and decrease in delta power might reflect
similar reactions sounds contradictory at first, it should be noted that the
articles likely investigate fundamentally different brain mechanisms
since van der Veen et al. (2016) as well as Yao et al. (2020) calculate
delta power from ERP segments (less than a second long and evoked by a
specific stimulus) and therefore investigate stimulus-evoked neural ac-
tivity whereas Perrin et al. (2019) use longer segments without any
stimuli, therefore investigating induced rather than evoked neural
activity.

Theta power increased during the reactive phase when analyzing
ERP segments from the social judgment paradigm (Somerville et al.,
2006). This increase has been found for all ERP segments which con-
tained a psychosocial stressor (Yao et al., 2020), which could, similarly
to the increase in delta power, reflect the heightened salience of the
stimuli (Knyazev, 2012). Heightened theta power was however also
found only in the unexpected rejection condition of the social judgment
paradigm (Kortink et al., 2018; van der Veen et al., 2016), which might
reflect the involvement of theta oscillations in mechanisms related to
both social rejection as well as prediction errors (Hajihosseini and
Holroyd, 2013; van der Molen et al., 2017). Contrary to the results from
studies investigating evoked neural activity in ERP segments, studies
investigating induced neural activity through theta power throughout
the reactive phase of the psychosocial stress response report a decrease
in theta power compared to a control condition (Hafeez et al., 2018;
Minguillon et al., 2016). Research investigating theta power (specif-
ically frontal midline theta) and their relationship with
non-psychosocial stressors also reported decreases in theta power, and
suggested that difficulties in keeping attention under a stressful condi-
tion might be the cause of this decrease (Gartner et al., 2014, 2015). This
discrepancy of evoked and induced theta power variations within the
reactive phase shows that theta power is reflective of multiple processes
within the brain and shows that spectral analysis within ERP segments
likely reveals fundamentally different aspects of brain functioning
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compared to spectral analyses over longer time periods. Whereas the
difference between evoked and induced neural activity might explain
the contradictory findings, differences between the articles such as
participant population and employed psychosocial stressor also likely
influence the results, so conclusions regarding contradictory findings
should be interpreted with caution.

Alpha power shows a relative congruent trend of decreasing due to
psychosocial stress throughout all stress phases. From the twelve articles
reporting alpha power results from the various phases of the stress
response, ten found significant decreases in alpha power (Al-Shargie
et al., 2016, 2017a, 2017b, 2018; Guo et al., 2019; Hafeez et al., 2018;
Hofmann, 2006; Hofmann et al., 2005; Minguillon et al., 2016; Yao
et al., 2020). This congruency is confirmed by the meta-analysis which
shows that the alpha power does, regardless of the stress phase, decrease
significantly. The found effect size equals 0.6 (p = 0.001), indicating a
moderate to large effect size and showing that frontal alpha power is
influenced by psychosocial stress. A common assumption regarding
alpha power, backed by a significant body of research, is that alpha
power is inversely proportional to cortical activity as it likely reflects an
inhibitory control system of the brain (Allen et al., 2004; Jensen and
Mazaheri, 2010; Mathewson et al., 2011). The reduction of alpha power
can therefore be explained by the fact that the psychosocial stress
response leads to a state of higher arousal and vigilance as well as the
activation of the HPA axis (Campbell and Ehlert, 2012; Kudielka et al.,
2004), which leads to higher cortical activity so the individual can
correctly cope and adapt to the applied stressor. The results and the
accompanying meta-analysis provide convincing evidence to conclude
that frontal alpha power is significantly impacted (i.e., reduced) by
psychosocial stress, although some caution is warranted. In multiple
studies (adaptations of) the Montreal Imaging Stress Task (MIST) have
been used to induce psychosocial stress (Al-Shargie et al., 2017a, 2017b,
2017b, 2018; Hafeez et al., 2018; Minguillon et al., 2016). The main
difference between the control and stress condition in this paradigm is
the presence of a psychosocial stressor (presented by a false comparison
to peers as well as the threat from the researchers that if participants do
not perform adequately their data is not useable), but time pressure is
also added. Ehrhardt et al. (2021) untangled this co-occurrence by
letting participants perform a task (the PASAT, Gronwall and Sampson,
1974) with time pressure and with pressure combined with a psycho-
social stressor. A drop in alpha power was found in the time pressure +
psychosocial stressor condition compared to the time pressure condi-
tion, although this drop was not significant. This might indicate that
time pressure could be the main driver of alpha power reduction instead
of psychosocial stress. Nevertheless, the current meta-analysis only
contained two articles employing the MIST (Al-Shargie et al., 2017b;
Hafeez et al., 2018), and if these results are removed the effect is still
significant (SMD = 0.42; [-0.06 0.79]. Z = 2.25; p = 0.02; see sup-
plementary materials for the additional analysis (Meta-Analysis —
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Additional Calculation)), robustly showing that frontal alpha power is
reduced by psychosocial stress.

Sigma power, investigated by a single article (Perrin et al., 2019), did
not change in the recovery phase of the psychosocial stress response.
This frequency band (13-15 Hz), can be interpreted as a low beta fre-
quency band and is mostly investigated during sleep (D’Rozario et al.,
2013). Since sigma power was calculated when participants were
awake, the absence of a difference in the recovery phase might be
explained by the fact that neural processes in this frequency band are
more involved when individuals are sleeping.

Beta power shows a tendency to increase due to psychosocial stress
in the reactive and recovery phase. Of the eight articles reporting beta
power changes, six report an increase during both phases of the stress
response and five articles report a significant increase (Al-Shargie et al.,
2016; Guo et al., 2019; Hafeez et al., 2018; Izhar et al., 2019; Minguillon
et al., 2016; Perrin et al., 2019). However, both Betti et al. (2018) and
Ehrhardt et al. (2021) report a decrease in beta power in response to a
psychosocial stressor, although insignificantly. The corresponding
meta-analysis shows that overall, no significant effect regarding beta
power is found in the reactive and recovery phase (SMD = —0,34; p =0,
19). The lack of a significant effect found in the meta-analysis should
however be interpreted with caution. Betti et al. (2018) split the beta
band in low (13-17 Hz) and high (18-30 Hz) and found that low beta
power did increase significantly. Due to the rules applied for the pooling
of the data (see supplementary materials for more information (Meta--
Analysis — Data Extraction Procedure)), both beta bands were combined,
resulting in a decrease in beta power due to the larger range and
therefore higher weight of the high beta band. Ehrahrdt and colleagues
(2021) show, similarly to their results regarding alpha power, that when
the psychosocial stressor is split in a time pressure and a social
component, no significant difference is found. When both results,
however, are compared to a baseline recording, a significant increase is
reported, again hinting at the fact that beta power increases due to
psychosocial stress. Finally, it should be noted that the three articles
excluded from the meta-analysis (due to the absence of data or figures or
due to a comparison between a resting-state recording and an EEG
recording during task engagement) all reported an increase in beta
power and thus, although the reasons for exclusion are correct, reaffirm
the overall tendency of beta power to increase due to psychosocial stress.
The trend of increasing beta power due to psychosocial stress conforms
to previous research regarding beta power and stress (Lewis et al., 2007;
Tran et al., 2007). Activity in the beta band is assumed to be indicative of
cognitive processing (Engel and Fries, 2010; Miller, 2007; von Stein and
Sarnthein, 2000), so higher beta power throughout the stress response
could be understood as more ongoing cognitive processing. This is likely
explained by the fact that neuronal circuits are recruited under the in-
fluence of stress, so the individual is capable of coping and adapting to
the demands of psychosocial stressors (De Kloet et al., 2005; Liston et al.,
2009; McEwen, 2007). However, the absence of articles investigating
beta power in the anticipatory phase and the overall insignificant effect
size found in the meta-analysis indicate that more research is needed to
validate the identified trend of increases in beta power and to answer the
possible stress phase dependence of beta power.

Aside from power measures, another frequently used EEG measure
type was power-derived measures. These measures investigate power
changes similarly to power measures but combine multiple power values
from spatial distinct locations (e.g., FAA, alpha-theta power ratio) or
from different frequency ranges (e.g., RG). The most employed power-
derived EEG measure is FAA. FAA is an extensively researched mea-
sure in psychology and psychiatry research and has been linked to a
multitude of psychological constructs and psychiatric disorders (Smith
et al., 2017). The recent article by Ocklenburg et al. (2016) has shown
the importance of hemispheric laterality, for which FAA can be seen as
index, as well as how both chronic and acute stressors can influence this
laterality. Building upon the foundation of this article, Berretz et al.
(2020) have further expended these principles to neurodevelopmental
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and psychiatric disorders and show how hemispheric laterality is altered
in these clinical populations and how stress can influence this laterality,
further showing the importance of FAA as a possible index of psycho-
social stress. Thirteen included articles employed FAA and investigated
it with respect to psychosocial stress (Al-Shargie et al., 2018; Brouwer
etal., 2011; Crost et al., 2008; Diising et al., 2016; Hofmann et al., 2005;
Kawamoto et al., 2013; Minguillon et al., 2016; Papousek et al., 2019;
Pérez-Edgar et al., 2013; Peterson et al., 2011; Quaedflieg et al., 2015;
Verona et al., 2009; Wang et al., 2015). The meta-analyses for FAA show
that, across the three phases, FAA does not change consistently due to
psychosocial stress regardless of the electrode pair (for electrode pair
F3/F4: SMD = —0,01; p = 0.93; for F7/F8: SMD = —0,02; p = 0.84).
These results are in line with another meta-analysis regarding FAA as a
biomarker for major depressive disorder, as no overall effect was also
found (van der Vinne et al., 2017). This lack of overall effect on a group
level might be explained by the fact that the relative difference between
alpha power between the left and right hemisphere is highly dependent
on individual characteristics. FAA is considered as an electrophysio-
logical correlate of approach motivation, which could further explain
the high interindividual variability (Smith et al., 2017). The individual
variation in FAA is acknowledged by multiple included articles, as their
research questions are often aimed at exploring which characteristics
are influential for FAA changes. Factors investigated were anger and
control (Peterson et al., 2011), defensiveness and anxiety (Crost et al.,
2008), action orientation (Diising et al., 2016), social anxiety (Hofmann
et al., 2005), trait positive affect (Papousek et al., 2019), individual peak
alpha frequency (Quaedflieg et al., 2015), time period within a stress
phase (Kawamoto et al., 2013) and the change in activation
(Pérez-Edgar et al., 2013). It is noticeable that the subdivisions inves-
tigated often result in significant differences in FAA, whereas overall no
significant effect is found for the investigation of psychosocial stress.
Interestingly, only three articles investigated the influence of gender
(Pérez-Edgar et al., 2013; Quaedflieg et al., 2015; Verona et al., 2009)
and no effect of gender was found in these articles. Another reason for
the variable results might be the differences between the cognitive
processes which are active when FAA is assessed. The right-shift model,
defined by Ocklenburg et al. (2016), proposes that stress often results in
an increased activation of mostly the right hemisphere. Changes in FAA
are therefore not only dependable on the presence of a psychosocial
stressor, but also on the cognitive functions which are active at the same
time. If these functions are more left-lateralized, FAA would decrease
due to the increased right hemispheric activity induced by a psychoso-
cial stressor. When the active cognitive functions are, however, more
right-lateralized, FAA would increase (Ocklenburg et al., 2016). The
differences between the stress phases within a single study as well as the
differences between studies regarding employed psychosocial stressor
likely results in various cognitive functions that are active at different
times throughout the stress response, possibly explaining the absence of
a uniform change in FAA due to psychosocial stress. Asymmetric brain
activity can be assessed from multiple locations. Aside from frontal
alpha asymmetry, parietal alpha asymmetry has also been investigated
by three articles (Crost et al., 2008; Hofmann et al., 2005; Pérez-Edgar
et al., 2013). However, no significant change has been found in this
measure. A possible reason for this might be that FAA assesses activity
from mainly the (pre)frontal cortex, which is known to contain brain
regions involved in higher order cognitive functioning. Given the
importance of brain activity reflecting cognitive functioning by the
right-shift model of Ocklenburg et al. (2016), it might be possible that
the absence of significant changes in parietal alpha asymmetry can be
explained by the fact that the parietal regions of the brain are less
involved in cognitive processes and asymmetric activity alterations are
therefore not found due to the presence of a psychosocial stressor. While
no significant changes were reported for parietal alpha asymmetry, it
should be noted that parietal alpha asymmetry changes have been
observed in patients with major depressive disorder, a stress-related
disorder (Jaworska et al., 2012). An absence of significant changes
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could therefore also be due to methodological aspects such as the
employed psychosocial stressor or investigated stressor phase.

Aside from the investigation of hemispheric laterality, another
recurring principle of brain activity, the differing functional role of low
and high frequency oscillations, is employed in several EEG indices. Low
frequency (delta and theta) EEG oscillations seem more prominent
during brain states requiring little vigilance or attention, such as
drowsiness or sleep (Santamaria and Chiappa, 1987; Susmakova, 2005).
Contrary to this, high frequency EEG (alpha, beta, and gamma) oscil-
lations seem to be more commonly associated with brain states requiring
attention and alertness. Alpha oscillations are believed to reflect
top-down inhibitory control processes (Jensen and Mazaheri, 2010;
Klimesch et al., 2007), beta oscillations have been linked to both
emotional and cognitive tasks (Ray and Cole, 1985), and gamma oscil-
lations are also linked to cognitive as well as learning processes (Fitz-
gibbon et al., 2004; Miltner et al., 1999). When comparing activity from
the low frequency ranges to the high frequency ranges, indices reflecting
these differences can be constructed. One such index is the slowing ratio,
initially defined as an index of cortical arousal in the context of sleepi-
ness of individuals, which is obtained by dividing the power of the lower
frequency ranges by the power of the higher frequency ranges (D’Ro-
zario et al., 2013). Perrin et al. (2019) report a decrease in the slowing
ratio during the recovery phase (compared to the recovery of a
non-psychosocial stressor). This decrease reflects a relative increase of
activity in the higher frequency ranges compared to the lower frequency
ranges, which possibly shows this heightened state of cortical activity
and alertness after psychosocial stress exposure. Another such index is
theta-alpha power ratio, which compares theta power (measured at Fz)
to alpha power (measured at Pz). The theta-alpha power ratio is reported
as indicative of the mental load put on an individual whereby an in-
crease in the ratio corresponds to an increase in mental load (Holm et al.,
2009). Under this assumption, an increase in the theta-alpha power ratio
during the reactive phase under stressful conditions compared to a
control condition, as reported by Subhani et al. (2013), and the disap-
pearance of this difference during the recovery phase, is logical as stress
increases the mental load experienced by people, which disappears
when the stressor itself is no longer present. The disappearance of the
difference during the recovery phase also hints at stress phase depen-
dence, but since only a single article reports results from this measure,
no concrete conclusions can be formed. A third index investigating the
low-high frequency range differences is relative gamma, which was
initially identified in studies investigating effect of meditation on neural
activity (Lutz. Et al, 2004; Steinhubl et al., 2015). Here, gamma power is
compared to the combined power in the theta and alpha frequency
bands. Results from the reactive phase report higher relative gamma
values compared to a control condition and a decrease during the re-
covery phase compared to the reactive phase (Minguillon et al., 2016,
2017; Vaquero-Blasco et al., 2020, 2021). These results seem mostly
driven by changes in the theta and alpha band rather than the gamma
band, and high variability exists between participants, showing that
psychosocial stress exposure leads to different neurological adjustments
between people. Finally, the alpha attenuation coefficient, reflective of
sleepiness and drowsiness in participants (Stampi et al., 1995), was
decreased during the recovery phase of a psychosocial stressor. This
might show that even after the stressor exposure, the brain is still in a
state of heightened vigilance, thus possibly showing the long-lasting
effects of psychosocial stress on an individual, even when only acute
psychosocial stressors are present.

The use of functional connectivity (FC) measures to investigate how
the brain adapts to psychosocial stress is less represented in the current
literature compared to EEG power (derived) measures, as only four ar-
ticles have employed such measures (Poppelaars et al., 2018, 2021;
Subhani et al., 2016a,b). Poppelaars and colleagues (2018, 2021)
employed both phase-amplitude coherence and amplitude-amplitude
correlation, FC measures that investigate the interplay between low
and high frequency bands. Neither article found significant effects
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related to the induction of psychosocial stress. The lack of significant
effects could have multiple reasons. One possible reason is that the
choice of FC measure might be suboptimal for the discovery of brain
function alterations related to psychosocial stress. A multitude of FC
measures exist, and currently no consensus has yet been reached
regarding which FC measure captures the underlying communication
between regions best (Bastos and Schoffelen, 2016). Another reason
could be that the induction of psychosocial stress was insufficient, but
this is not likely as cortisol, considered the gold standard for HPA acti-
vation detection, did significantly increase during the paradigm. Sub-
hani et al. (2016a,b) employed coherence and found a multitude of
changes due to psychosocial stress. These results should however be
interpreted with caution since no multiple comparison correction was
employed. Furthermore, the used FC measure (magnitude-squared
coherence) overestimates the connections between closely spaced elec-
trodes due to volume conduction, further complicating the interpreta-
tion of the results (Nunez et al., 1997).

Overall, the results reviewed in this systematic review and subse-
quent meta-analyses generally align with the current understanding of
the mechanisms of stress. A vast amount of studies investigating psy-
chosocial stress show that, similar to other types of stress, psychosocial
stress is taxing on the coping abilities of an individual, therefore
requiring additional resources from an individual to correctly cope with
the perceived challenges (Berretz et al., 2021; Folkman and Lazarus,
1984; Kogler et al., 2015; McEwen et al., 2015; van Oort et al., 2017).
fMRI research regarding psychosocial stress has shown that during the
psychosocial stress response, specific brain regions (the insula, claus-
trum, and inferior frontal gyrus, for a review and meta-analysis, see
(Berretz et al., 2021) are more active, likely showing the additional
employed resources by the brain. Our results show that, similarly to the
results from fMRI studies, increased cortical activity is present during
the various phases of the psychosocial stress response. This increased
brain activity is mainly found by the fact that alpha power, mainly from
the (pre)frontal lobes, decreases consistently throughout the whole
stress response, thus indicating the increased activity of the frontal brain
regions. Beta power, associated with cognitive processing, shows a trend
of increasing throughout the reactive and recovery phase of the stress
response, further implicating the increase in brain activity due to psy-
chosocial stress. More complex power and FC measures however are less
consistent regarding the psychosocial stress response. This could be
because they reflect more specific brain functions and are therefore
more subject-specific. The absence of a uniform effect of psychosocial
stress on FAA (both in the systematic review as well as in the
meta-analyses) could be indicative of this subject-specific brain activity
induced by psychosocial stress, as well as the possible different cognitive
functions that are active due to the specific circumstances in which
psychosocial stress was induced.

Although a multitude of results are already present in the current
literature, acquiring a general conclusion regarding psychosocial stress
and EEG measured brain activity remains difficult due to methodolog-
ical and technical reasons. The most notable methodological concern is
the large difference in sample sizes (ranging from 6 to 150). The main
concern here lies with the articles that use small samples, as this in-
creases the probability of making a type II error. A likely reason for this
large variability is the absence of a priori power calculations in all arti-
cles, a common occurrence in EEG research (Clayson et al., 2019). This
variety however also has implications regarding the meta-analyses
conducted in this article, as the overall small number of included arti-
cles in the meta-analyses combined with the large variability in sample
size limits the certainty of the obtained conclusions. It should be noted
however that the variability between the included articles of the
meta-analyses has been limited as much as possible through the usage of
a random effects model and the strict rules regarding phase comparisons
which were allowed. Other methodological aspects that further
complicate the integration of results are the high variety of employed
EEG measures, psychosocial stressor paradigms, and research questions.
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Variability introduced through the different stressor paradigms is partly
reduced since, aside from the articles by Crost et al. (2008) and Verona
et al. (2009), all articles employed a within-subjects design, therefore
avoiding possible differences between the compared groups when
comparing a stress phase to its non-stressed counterpart. It is still
possible however that changes in the EEG measures are partially due to
differences between the obtained baseline recordings or control condi-
tions. Differences due to the employed stress paradigm are most likely
present in the reactive phase, since during this phase participants are
engaged with a task and task-specific neural activity is likely present in
the EEG signal. The high diversity of research questions also explains
part of the low scores regarding the risk of bias analysis since this
discrepancy leads to the absence of information necessary for our
research questions.

From a technical point of view, some aspects should also be
considered when interpreting the results. Variations in the selected
electrodes, preprocessing and analysis steps as well as the definitions of
the used frequency bands between the articles could introduce small
differences in the reported findings (Gutmann et al., 2018; Robbins
et al., 2020). Another technical aspect that should be considered is the
influence of volume conduction. Volume conduction, understood as the
propagation of electrical fields through biological tissue, results in the
recording of electrical activity from a single source within the brain by
multiple electrodes across the scalp. For the results of FAA, and specif-
ically FAA calculated from the F3/F4 electrode pair (as these electrodes
lie closely together), volume conduction probably has an influence. It is
likely that both electrodes recorded alpha activity from similar sources,
further complicating the results. When evaluating the results of other
EEG measures that employ location-specific electrodes for their calcu-
lation, such as coherence and theta-alpha power ratio, the influence of
volume conduction should also be considered. Future research should
therefore consider additional preprocessing or analysis steps, such as a
surface laplacian, to reduce the influence of volume conduction (Kayser
and Tenke, 2015). Finally, it should be mentioned that up until now
source imaging, referring to the mathematical operations that allow one
to calculate the activity of various regions in the brain from surface
recordings (Michel and Brunet, 2019), has not yet been employed with
regard to psychosocial stress. This technique could be considered in
future research to further investigate how psychosocial stress affects the
brain.

5. Conclusion

In conclusion, the current literature regarding psychosocial stress
and spectral EEG analyses shows that psychosocial stress results in
measurable changes in several EEG indices, which exhibit both stressor
response phase specific and aspecific tendencies. Alpha power consis-
tently decreases due to acute, laboratory psychosocial stressors,
regardless of the stressor phase. Beta power shows a tendency of
increasing during the reactive and recovery phase, but this tendency
should be interpreted with caution since no significant effect was found
in the subsequent meta-analysis. The results from other EEG measures,
such as delta power, theta power, relative gamma and theta-alpha power
ratio, imply that these measures show stress phase dependence. Other
measures, such as FAA and coherence show variable results regarding
their stress phase dependency. Although significant work has already
been performed which shows the importance of stress response phase
when investigating EEG measures, the high variability in both meth-
odological as well as technical aspects complicates the integration of the
results towards an overall conclusion regarding psychosocial stressors
and EEG-measured brain activity. Therefore, future work is needed to
clear up how the stressor phases, stress paradigms and analysis steps
have an influence on neural activity and their corresponding spectral
EEG measures.
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