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Abstract
A vast body of research describes the effects of acute psychosocial stress on declarative
memory for neutral, non-emotive verbal material. However, findings are equivocal as to
whether these effects are enhancing, impairing, or non-existent. We used meta-analytic
procedures to investigate potential moderating variables that might explain some of this
inconsistency. We reviewed the data from 19 studies, drawn from 16 published articles, that
experimentally investigated the effects of acute psychosocial stress on the immediate recall,
delayed recall, and recognition of neutral verbal material. Though none of the investigated
moderators (stage of memory process at which stress was administered; sex of sample; time
of day at which the study was run), behaved in a manner consistent with our hypotheses, we
observed an important (and unexpected) result regarding the operationalization of declarative
memory. Specifically, the comparison between parallel analyses revealed that a unitary
operationalization of declarative memory is likely to be more valid than a multi-component
alternative. Stated otherwise, the meta-analysis suggested that when declarative memory
operationalized by one outcome measure (viz., delayed recall) only is less confounded by
within-study variability than when operationalized by multiple measures (viz., immediate
recall, delayed recall, and recognition). Ongoing research into the effects of acute
psychosocial stress on declarative memory is likely to be more effective, and more valid, if it

takes this finding into account.
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Effects of Acute Psychosocial Stress on Declarative Memory for Neutral Material:

A meta-analytic review

Over the past half century, a vast body of research studying how stress influences
cognitive performance has developed (McEwen & Sapolsky, 1995; Schwabe, Joéls,
Roozendaal, Wolf, & Qitzl, 2012; Staal, 2004). Some of this research has demonstrated that
chronic exposure to environmental stressors may have long-term consequences. For instance,
chronic stress can result in enduring, dysregulated levels of the stress hormone cortisol,
which is implicated in memory functioning. Such long-term effects are evident in major
neurological and psychiatric disorders such as posttraumatic stress disorder and dementia of
the Alzheimer’s type (Alzheimer’s Association, 2013; American Psychiatric Association
[APA], 2013; Elzinga & Bremner, 2002).

Acute stress also has both short- and long-term implications for memory (Alderson &
Novack, 2002). In fact, a major focus of investigation within the field of stress research is the
way in which specific neurological processes, triggered by acute experiences of stress, affect
memory at different stages of the cognitive process. These effects are of particular interest
because there are many situations in which acute psychosocial stress is inherent and memory
performance is critical (e.g., job interviews). However, though this area of the literature is
notable for its depth, the findings are inconclusive and controversial (Het, Ramlow, & Wolf,
2005; Luethi, Meier, & Sandi, 2009; Sauro, Jorgensen, & Pedlow, 2003; Wolf, 2009). Hence,
there is good rationale for continued investigation into both why and how memory is affected
by exposure to acute psychosocial stress.

Conceptualizing Stress

‘Stress’ refers to a range of concepts including: (a) the challenging stimulus (the
stressor), (b) the associated behavioural response, and (c) the physiological response
(Kemeny, 2003). Stressors are defined as circumstances that can affect physiological and
psychological wellbeing. Physiological responses to stressors are evolutionarily adaptive,
allostatic mechanisms that ready the body to respond to threat (Joéls & Baram, 2009;
Vingerhoets & Perski, 1999).

One specific physiological response to a stressor involves activation of the
hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis is a vital regulatory system
connecting the central nervous system and the endocrine system. Hence, it not only allows

the human organism to adapt under emotionally and physically stressful conditions, but also
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regulates crucial functions, such as growth and reproduction, under basal conditions
(Kirschbaum, Wist, & Hellhammer, 1992; Kudielka & Kirschbaum, 2005).

HPA-axis activation in response to a stressor consists of three phases: 1) The pre-
stressor activity phase (basal activity), 2) the stress-reactivity phase, which results in
increased cortisol levels following a stressful situation, and 3) the stress-recovery phase
following the offset of a stressor, during which cortisol levels return to baseline (Burke,
Davis, Otte, & Mohr, 2005). Across these phases, the following physiological events occur:
Corticotropin-releasing hormone is secreted from the hypothalamus, leading to the release of
adrenocorticotropic hormone (ACTH) from the pituitary gland. ACTH then prompts the
release of glucocorticoids (cortisol in humans) from the adrenal cortex (Alderson & Novack,
2002; Kudielka, Hellhammer, & Wust, 2009; Kudielka & Kirschbaum, 2005; McEwen &
Sapolsky, 1995). Once released, cortisol travels through the blood-brain barrier where it

binds to receptors in a number of areas.

Stress and Memory

Glucocorticoid secretion in response to stress has consequences for particular brain
structures with particularly high concentrations of glucocorticoid receptors, and ultimately
results in modified memory function. Both chronic and acute adrenocortical activation appear
to affect memory performance (de Quervain, Roozendaal, Nitsch, McGaugh, & Hock; 2000;
Roozendaal, 2002). In humans, cortisol acts on two particular brain regions: the hippocampus
and the prefrontal cortex (Alderson & Novack, 2002; Kemeny, 2003; Wolf, 2009). These
areas are critical for declarative memory (Eichenbaum, 2003; Squire, 1992) and working
memory (Oel, Everaerd, Elzinga, Van Well, & Bermond, 2006; Wolf, 2003), respectively.
The impairing effects of stress on working memory are well documented and robust, but
research into the effects of stress on declarative memory is much less conclusive, and
therefore requires further investigation (Elzinga & Roelofs, 2005; Kirschbaum, Wolf, May,
Wippich, & Hellhammer, 1996; Oei, et al., 2006; Roozendaal, 2002; Wolf, 2009).

Stress and declarative memory. Declarative memory is the explicit processing of
specific information that is easily remembered (i.e., facts and events; Squire, 1992). The
hippocampus plays an important role in declarative memory functioning. It also contains high
concentrations of glucocorticoid receptors (McEwen & Sapolsky, 1995). Therefore,
dysfunction of the hippocampus resulting from elevated glucocorticoid levels (such as occurs
under stressful conditions) has implications for learning and recall of declarative material (de
Quervain et al., 2000; McEwen & Sapolsky, 1995; Oei et al., 2006).
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Numerous empirical studies, using either direct glucocorticoid administration or
laboratory-based acute psychosocial stressors (e.g., the Trier Social Stress Test [TSST];
Kirschbaum, Pirke, & Hellhammer, 1993) to elevate cortisol levels, suggest that stress-
induced cortisol secretion can affect declarative memory in variable ways (i.e., it can have
enhancing, impairing, or no effects; de Quervain et al., 2000; Kirschbaum et al., 1996;
Smeets, Jelicic & Merckelbach, 2006a). Several influential studies suggest that these
contradictory effects might result from the fact that stress influences different stages of the
memory process in different ways (Beckner, Tucker, Delville, & Mohr, 2006; de Quervain et
al., 2000; Lupien & Schramek, 2006; Roozendaal et al., 2002).

Effects of stress at different stages of memory processing. Researchers conceptualize
three main stages of memory processing: (1) encoding (learning information), (2)
consolidation (storing information), and (3) retrieval (remembering information; de Quervain,
Aerni, Schelling, & Roozendaal, 2009; Schwabe et al., 2012; Tulving, 1995). Roozendaal
(2002) suggested that acute glucocorticoid administration and acute stress influence
consolidation and retrieval in contrasting ways. By his theoretical model, increased levels of
cortisol enhance memory consolidation and the storage of novel information, but impair
memory retrieval. It is thought that these contrasting outcomes are due to different effects of
stress-induced cortisol elevation on brain structures implicated at different stages of the
memory process (see also Smeets, Giesbrecht, Jelicic, & Merckelbach, 2007).

Many recent studies have tested the predictions made by Roozendaal’s (2002) model
(i.e., they have investigated the variable effects of stress on declarative memory by isolating
the specific stages of the memory process at which stress is applied). In these experimental
paradigms, a stimulus set is presented and memory for that set is subsequently tested.
Administration of the stressor may occur at any of the following stages of the experimental
protocol: just before stimulus presentation (i.e., at encoding), during the interval between
stimulus presentation and memory testing (i.e., during consolidation), or immediately prior to
memory testing (i.e., at retrieval). However, although many investigations of effects at each
stage have been conducted, there is no consensus in the literature.

Stress at encoding. Empirical studies suggest that when the psychosocial stressor is
administered at the encoding stage of the memory process, declarative memory performance
is either unaffected (Domes, Heinrichs, Reichwald, & Hautzinger, 2002; Domes, Heinrichs,
Rimmele, Reichwald, & Hautzinger, 2004; Kuhlmann, Piel, & Wolf, 2005; Luethi et al.,
2009; Lupien, Gillin, & Hauger, 1999; Nater et al., 2007; Smeets et al., 2006a; Wolf et al.,
2001) or impaired (Elzinga, Bakker, & Bremner, 2005; Jelicic, Geraerts, Merckelbach, &



ACUTE PSYCHOSOCIAL STRESS AND DECLARATIVE MEMORY 6

Guerrieri, 2004; Smeets et al., 2006a, Smeets, Jelicic, Merckelbach, 2006b; Smeets et al.,
2007; Stawski, Sliwinski, & Smyth, 2009).

Stress at consolidation. Empirical studies suggest that when the psychosocial stressor
is administered at the consolidation stage, declarative memory performance is either impaired
(Stawski et al., 2009), unaffected (de Quervain et al., 2000; Elzinga et al., 2005), or enhanced
(Smeets, Sjistermans, Gisjen, Peters, Jelicic, & Merckelbach, 2008).

Stress at retrieval. Most empirical studies suggest that when the psychosocial stressor
is administered at the retrieval stage, declarative memory performance is impaired
(Boehringer, Schwabe, & Schachinger, 2010; de Quervain et al., 2000; de Quervain et al.,
2003; Domes et al., 2004; Kuhlmann et al., 2005). However, a small group of studies report
no effect of stress on declarative memory at retrieval (Domes et al., 2004; Kuhlmann et al.,
2005; Schoofs & Wolf, 2009).

Clearly, then, there are no consistent stage-dependent effects of stress on memory
performance. In fact, findings from the studies reviewed above suggest that at each stage of
the memory process, the effects of stress-induced cortisol elevations may impair, enhance, or
have no effect on memory performance. It is important to make sense of this apparent
conundrum in order to truly understand the effects of acute stress on declarative memory.
One way of doing this is by examining variables that moderate the relationship between

stress-induced cortisol elevation and memory performance.

Variables Moderating the Relationship between Stress and Memory

A distinct line of research has attempted to experimentally isolate variables that may
moderate the relationship between stress and memory performance. Researchers have
considered both participant- and context-related variables (de Quervain et al., 2000;
Roozendaal, 2002; Smeets et al., 2006a).

Participant-related variables. Participant-related variables, such as sex, age,
individual cortisol response, and personal habits (e.g., smoking, caffeine intake, exercise,
etc.) have all been cited as potential moderators of the effect of stress on memory. However,
most of these variables are consistently controlled for in most published studies, and are
therefore unlikely to contribute significantly to between-study variance. Sex is an exception,
however, because even though it might be well controlled for, its effect on memory is still
unpredictable (Kunzel et al., 2003; Nicholson, 1989; Sauro et al., 2003).

Sex of sample. Studies of sex differences in adrenocortical activity have revealed

important differences between men and women. Specifically, it appears that men have higher
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baseline cortisol levels than women (Kirschbaum, Kudielka, Gaab, Schomer, & Hellhammer,
1999; Kirschbaum et al., 1992; Schéneshofer & Wagner, 1977). Additionally, laboratory-
based psychosocial stressors tend to elicit higher cortisol responses in men (almost twice as
high) than in women (Kirschbaum et al., 1992, 1993; Kudielka et al., 2009; Schoofs & Wolf,
2009).

Furthermore, cortisol response is much more variable in women than in men because
the availability of free cortisol varies with phase of the menstrual cycle (Kirschbaum et al.,
1992; Kirschbaum, Pirke, & Hellhnammer, 1995). Consistent with this variability is the
finding that menstrual cycle phase strongly influences memory performance under conditions
of psychosocial stress. Men and women have comparable cortisol responses when women are
in the luteal phase of the menstrual cycle (Espin et al., 2013; Kirschbaum et al., 1992;
Kudielka et al., 2009). However, women in the follicular phase of the menstrual cycle and
women taking oral contraceptives show, relative to controls, significantly reduced cortisol
responses to acute psychosocial stressors (Kirschbaum, Pirke et al., 1995). Therefore, the
interaction of sex, menstrual cycle phase, and oral contraceptive use affects stress
responsiveness in women (Espin et al., 2013; Kirschbaum et al., 1999).

Studies that do not take these sex differences into account may be vulnerable to
methodological confounds and flawed interpretation of data.

Context-related variables. Features of the experimental process such as timeline of
experimental protocol, non-discrete stages of the memory process, measures of memory,
stimuli valence, time of day, and means of stress elicitation, may also influence the effects of
stress on declarative memory.

Experimental protocol timeline. On average, cortisol responses peak 20-40 minutes
after administration of an acute stressor, but only revert to baseline levels 60-90 minutes after
the stressor ends (Kudielka & Kirschbaum, 2005). Unless there is a sufficient delay between
the learning of stimulus material and the recall of that material, participants may have
elevated cortisol levels during more than one stage of the memory process. Whether or not
this factor is taken into account may alter the interpretation of findings (Joéls, Pu, Wiegert,
Oitzl, & Krugers, 2006). Furthermore, whether or not the experimental protocol is completed
in one session on one day, or takes place over multiple sessions at least 24 hours apart, may
influence memory performance. Such influence arises particularly because healthy sleep is
important for memory consolidation (Elzinga et al., 2005; Marshall & Born, 2007).

Non-discrete stages of the memory process. Because memory is a continuous and

interactive mental phenomenon, the stages of the memory process described above
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(encoding, consolidation, and retrieval) are artificial delineations (Walker, Brakefield,
Hobson, & Stickgold, 2003). There are no known robust timeframes for these stages (e.qg.,
when encoding ends and consolidation begins). In fact, some evidence suggests that stages
(e.g., consolidation and retrieval) may occur simultaneously (Roozendaal, 2002; Smeets et
al., 2007). Different researchers experimentally conceptualize stages of the memory process
in different ways, contributing to further to inconsistency in protocols. This is likely to
contribute to inconsistency in results.

Measures of memory. Several measures of verbal declarative memory (e.g., free recall,
cued recall, or recognition) can be used in stress protocols. Free recall tasks require
participants to recall learned information (e.g., word lists or stories) without the aid of
prompts, whereas in cued recall tasks participants are presented with a list of items and are
then prompted with target word stems during recall (Elzinga et al., 2005; Tulving &
Pearlstone, 1966). Recognition tests simply require participants to indicate whether a word
has been presented before or not, and therefore require less effortful processing (Haberlandt,
1999; Lupien et al., 1999). Each of the above tasks may be administered either immediately
following learning, or after a filled delay of some particular length (Het et al., 2005; Sauro et
al., 2003).

Valence of test stimuli. Memory performance under stress is also largely dependent on
the valence of the stimuli being studied (i.e., neutral versus emotional [positive or negative];
de Quervain et al., 2000; Smeets et al., 2006b). Emotionally arousing material tends to be less
impaired by psychosocial stress than neutral material, and in some instances is even
enhanced. These effects may be explained by the fact that an important additional memory-
modulating brain structure (the amygdala) is activated during encoding of emotional material
(Cahill, 2003).

Time of day. The circadian cortisol rhythm is at its peak in the morning, when there is
high HPA-axis activity. Low HPA-axis activity, on the other hand, typically occurs during
the evening. Kuhlmann and colleagues (2005) reported negative effects on cortisol levels
when a psychosocial stressor was administered during the morning. Furthermore, according
to Lupien et al. (2002), glucocorticoid treatment has impairing effects on memory
performance when administered in the morning, but enhancing effects when administered in
the afternoon. However, even in highly controlled studies, individual differences in cortisol
response are still reported. These differences may arise due to individual variation in
circadian cortisol cycle: Some studies suggest that up to 17% of individuals exhibit no such
cycle (Kirschbaum, Prussner, et al., 1995; Smyth et al., 1997).
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Means of stress elicitation. Direct administration of cortisol is a highly effective
pharmacological treatment with little variation in its effects on cortisol elevation.
Psychosocial stressors, however, generate more variable stress responses than direct
administration of cortisol. This increased variability exists at least partially due to the
influence of participants’ past experiences. For example, practice effects (e.g., experience
with public speaking) are likely to attenuate the degree to which psychosocial stressors elicit
cortisol responses (Dickerson & Kemeny, 2004; Het et al., 2005; Kirschbaum et al., 1996;
Pickering & Gerin, 1990; Sauro et al., 2003). To reduce variability, many studies use the
TSST (Kirschbaum et al., 1993). This standardized psychosocial stress elicitation paradigm
reliably induces moderate stress. It is comprised of three components (motivated
performance, social evaluation, and uncontrollability), each of which is essential to its ability
to induce stress (Dickerson & Kemeny, 2004; Mason, 1968).

Rationale and Specific Aims

The literature in this area is extremely inconsistent with regards to the effects of
psychosocial stress on declarative memory. To determine whether factors reviewed above
(i.e., sex of sample, timeline of experimental protocol, measures of memory, and time of day)
are important moderators of the effects of stress on memory, and therefore potential
methodological confounds if not taken into account, the results of studies in this area must be
analyzed thoroughly and systematically. We therefore conducted such an analysis using
meta-analytic techniques.

Meta-analysis is a quantitative methodological approach for integrating multiple and
potentially contradictory results within a particular area of study (Glass, 1976; Glass,
McGaw, & Smith, 1981; Lipsey & Wilson, 2011; Rosenthal & Rosnow, 2008). In this
method, standardized measures of effect (effect sizes) are generated for each of the included
studies, enabling them to be compared directly. As the literature in this area is especially
complex and findings are extremely inconsistent, a meta-analytic approach is valuable.

To reduce some complexity in this analysis, we specifically investigated the effects of
acute psychosocial stress, as elicited by the TSST (or closely comparable procedures), on
declarative memory performance. To further reduce discrepancy, we used verbal declarative
memory for neutral material as the outcome of interest. We did so because both emotional
and visual material implicate additional memory-modulatory brain structures and may
confound the analysis (Cahill, 2003).
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Based on this rationale and the literature reviewed above, the specific objectives of the
current meta-analysis were as follows. The first aim was to quantitatively review the overall
effect of psychosocial stress on verbal declarative memory for neutral material. The second
aim was to determine whether there was variability in this effect that could be explained by
moderator variables (i.e., sex of sample, timeline of experimental protocol, measures of
memory, and time of day). The third aim was to investigate the amount of variance explained

by these moderators, as opposed to by within-study confounds.
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Method
Sample Search

We used a multi-staged, iterative procedure to obtain the final sample of studies that
were included in the meta-analysis. This approach follows PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses; Moher, Liberati, Tetzlaff, & Altman,
2009) guidelines, and is illustrated in Figure 1.

The initial pool of primary studies was acquired by using online research databases
(Medline and PsycINFO) using the Boolean phrase: (free recall OR cued recall OR
recognition OR memory) AND (stress OR cortisol OR TSST OR Trier Social Stress Test). We
excluded the following keywords so as to refine search results: post-traumatic stress, drug*,
drug-related, autobiograph*, prenatal, maternal, depress*, dementia, psychosis,
schizophren*, alzheimer*, (syndrome OR disorder). This search yielded 584 papers. Two
researchers (B.A. and N.D.V) scrutinized this sample independently, and excluded studies
that did not meet the selection criteria described in the following section.

Selection criteria for the sample. Papers included in the final sample of this meta-
analysis were required to meet following criteria: (a) peer-reviewed journal article; (b)
published in English; (c) purely psychosocial stressor (TSST or closely comparable); (d)
published between 1993 and January 2014 (because the original account of the TSST was
published in 1993); (e) quantitative methodology; (f) population of healthy adult humans,
within the age range of 18-55 years; (g) use of an appropriate control group; (h) verbal
encoding of information; (i) measure of verbal declarative memory for neutral words; (j)
consistent laboratory-based context for learning and memory testing; and (k) measure of
cortisol as a check on the stress manipulation®.

These inclusion criteria were based on the following rationale. Cortisol reactivity is, at
least in part, age-dependent, and therefore we excluded studies with samples consisting
exclusively of participants over the age of 50 (Kudielka, Schmidt-Reinwald, Hellhammer, &
Kirschbaum, 1999). Some psychiatric disorders (e.g., posttraumatic stress disorder) are
implicated in cortisol dysregulation (Sauro et al., 2003), and therefore we included only
studies with non-clinical samples. In studies featuring within-subjects designs, we included

only those with parallel versions of each declarative memory test, in order to compensate for

L All included studies had to have a stress manipulation check: that is, one or several
measures of cortisol as a means of showing that the stress manipulation did, in fact, lead to
elevated cortisol levels and thereby resulted in modified memory functioning (de Quervain et
al., 2000).
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possible test-retest effects. We excluded studies that did not feature a control group, or that
featured an inappropriate control group (e.g., a control group in which stress was
administered less than 90 minutes before encoding or retrieval, which meant that stress was
potentially affecting declarative memory). Finally, because we were only interested in
hippocampal-dependent forms of memory, we excluded studies that tested encoding or
retrieval of visual images (e.g., photographs or faces) and/or emotional material (positive or
negative). The total number of studies that met these criteria was 50.

Study elimination. Four researchers (B.A., N.D.V., R.H., and K.T.) assessed the
remaining 50 articles in detail. The decision to include or exclude a study from the final
sample was made by consensus in line with the inclusion criteria. Eventually, 11 papers were
retained. To ensure that all relevant articles were included in the final sample, the same four
researchers scrutinized the reference lists of included studies independently, and determined
by consensus that 5 additional studies were eligible for inclusion. We sub-divided one of the
papers in the final sample (Smeets et al., 2006a) because it consisted of two separate
independent and eligible studies. Hence, at this point the total sample of included studies was
17.

Splitting papers. Most papers in our sample investigated multiple memory measures
and/or multiple treatment groups (n = 14). Multiple stress treatment groups, where stress was
administered at different stages of the memory process (Domes et al., 2004; Smeets et al.,
2009; Stawski et al., 2009; see Appendix A), were divided into separate studies (n = 6) and
treated as such in the analysis, making the sample size 20. Furthermore, within some papers
(Domes et al., 2004; Elzinga et al., 2005; Espin, 2013; Luethi, 2009; Smeets et al., 20064,
2006b; Smeets et al., 2009; Stawski et al., 2009) multiple types of memory measure were
tested; a total of 28 separate effect sizes were calculated for different types of memory
measures within these studies. However, as representing a study more than once in a meta-
analysis violates independence of samples, study components were weighted. When groups
(i.e., stress or control) within studies were split, their sample sizes were reduced so that, in
sum, they equaled the original sample size (Higgins & Green, 2008; Lipsey & Wilson, 2001;
Rosenthal & Rosnow, 2008).

Coding

Three independent raters (B.A., N.D.V., and R.H.) coded each study in the final
sample. They recorded the following information: (a) year of publication; (b) total number of
participants; (c) experimental design (within-subjects or between-subjects); (d) total number

of groups; (e) number of participants within each group; (f) sex of sample (male, female, or
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mixed); (g) age (mean, standard deviation, and range); (h) stage psychosocial stressor was
administered (encoding, consolidation, or retrieval); (i) number and type of memory
measures (immediate free recall, delayed free recall, delayed cued recall, and/or recognition);
(3) length of time between learning and recall; (k) duration of experiment (< 24 hours or > 24
hours); and (I) time of day at which the study was conducted (i.e., morning or afternoon).
Differences between raters were resolved through discussion.

Calculation of Effect Sizes

The studies included in this meta-analysis compare memory performance across
treatment groups (stress versus control) and have variable sample sizes. Therefore, the type of
effect size that must be calculated for each study is a weighted standardized mean difference:
Cohen’s d. This statistic is calculated by dividing the difference between the mean of the
control (non-stress) group and the experimental (stress) group, by the combined standard
deviation of both groups (Hedges, 1982). To correct for small-sample bias, we applied the
Hedges and Olkin (1985) correction (Hedges’ g) to this effect estimate.

Studies often use one or multiple word lists in order to test memory performance. These
word lists can vary for stress groups: for example, one group could be tested for word lists
related to recall for personality-related words, and the other, recall for memory-related words.
Some studies reported separate statistics for memory performance within stress and control
groups (e.g., separate data for recall of personality words and memory words; Smeets et al.,
2007). In such cases, means were averaged and standard deviations pooled to provide overall
descriptive statistics for stress and control groups; this calculation was performed for each
study independently by two researchers (B.A. and N.D.V.) to reduce the risk of human error.

Four studies (Domes et al., 2004; Smeets et al., 2006a; Smeets et al., 2009; Stawski et
al., 2009) included more than one stress group (e.g., stress at encoding, stress at
consolidation, stress at retrieval). For those studies, we calculated separate d’s for each stress
group.

Nine studies had more than one memory measure (e.g., immediate recall, delayed free
recall, delayed cued recall, and recognition). For those studies, we calculated separate d’s for
each memory measure (see Appendix A for splitting rationale). To avoid violating
assumptions of sample independence, we weighted the components of the studies that had
more than one memory measure, but had the same participants, by altering their sample sizes
in the manner described above (Lipsey & Wilson, 2001).

We used Review Manager (RevMan), a freely available meta-analytic software program

(http://tech.cochrane.org/revman/download), designed for conducting systematic Cochrane
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Reviews, to derive effect sizes from each study using the reported descriptive statistics. In
cases where the necessary information was not provided, we attempted to contact the authors
for additional information. If we received no reply, as was the case for seven studies (Domes
et al., 2002, 2004; Espin et al., 2013; Schoofs & Wolf, 2009; Smeets et al., 2007, 2009) we
used WebPlotDigitizer (an online data extraction software;
http://arohatgi.info/WebPlotDigitizer/app/) to estimate means and standard deviations from
the figures provided in those studies. This extraction was done for each figure independently
by two researchers (B.A. and N.D.V), and the values found by each researcher were
averaged. In two instances (Domes et al., 2004; Schoofs & Wolf, 2009), authors provided
missing information after WebPlotDigitizer had been used to extract data from graphs. In
those cases, the provided and extracted data were highly correlated with each other,
confirming the reliability of the software (r = 0.97). In one instance (Hidalgo et al., 2012),
extraction was not possible because figure data were unclear; in another case (Nater et al.,
2007), figures did not provide control-group data. Hence, these studies were excluded from
further analysis. The total sample size of included studies at this stage was therefore 19.
Once calculated, effect sizes were interpreted by their size (small effect sizes as < 0.20,
moderate as < 0.50, and large > 0.80), their direction (negative effect sizes indicate impaired
memory performance in the stress group as compared to the control group, whereas positive
effect sizes indicate enhanced memory performance in the stress group as compared to the
control group; Cohen, 1988), and their confidence intervals (whether they were greater than
0, less than 0, or spanned 0).
Analysis of Effect Sizes

We analyzed the study outcome variable (declarative memory performance) in two
main ways corresponding to the hypotheses listed above. We used a random effects model
because it is effective at detecting potential sources of heterogeneity (Field & Gillett, 2010;
Rosenthal, 1995).

Investigating overall effect. To investigate the overall effect of stress on declarative
memory, we calculated the average weighted effect size of all included studies. To determine
whether this effect size was derived from a homogenous sample of studies, we performed a
Chi-square test of heterogeneity (Q). Significant heterogeneity of effect sizes indicates that
more variation than can be expected by chance alone is occurring between studies. In other
words, if we found such significant heterogeneity, it would suggest that there are variables
other than the primary variable of interest (stress) influencing declarative memory

performance. The magnitude of heterogeneity for the primary outcomes (I?) was interpreted
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by following the Cochrane handbook guidelines: 0 — 40 (might be important), 30 — 60
(moderate), 50 — 90 (substantial), 75 — 100 (considerable) (Higgins & Green, 2008).

Investigating moderators. To investigate potential moderating variables, we
categorized studies into sub-groups (e.g., stress at encoding, stress at consolidation, stress at
retrieval) and compared the average effect sizes of these sub-groups with one another.
Significant moderation effects manifest as heterogeneity of effect sizes between sub-groups.
We conducted analyses of heterogeneity between categories of studies to address each of the
hypotheses stated above.

There is likely to be more heterogeneity within a group of small studies due to small-
sample effects (including publication bias), with more precise estimates provided by larger
studies (all else being equal). However, RevMan weighs the contribution of each study to the
overall effect size by the precision of the effect reported by the study, which is a function of
sample size. Therefore, to counteract the under-powered chi-square statistic of Q, we used a
more liberal p-value of .10 instead of the conventional .05 to analyze the results of

homogeneity tests (Higgins & Green, 2008).
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Results
Study Features

Twenty studies (published in 16 papers) investigating the effects of acute
psychosocial stress on verbal declarative memory for neutral material met the inclusion
criteria for this meta-analysis. The total sample size of all included studies amounted to 934
healthy adults aged between 18 and 68 years, with an overall mean age of 23.59 years (SD =
+3.23). We detail each of these variations below.

As Table 1 shows, all included studies investigated the effects of an experimental
(stress) treatment versus a control treatment on participants’ memory performance. However,
the studies’ experimental protocols varied in terms of: (a) design (i.e., between- versus
within-subjects); (b) sex of sample (all-male, all-female, or mixed); (c) time of day
administered (morning versus afternoon); (d) stage of the memory process at which stress
was administered (encoding, consolidation, or retrieval); (e) materials used to test memory
(word lists versus paragraphs), and (f) type of memory tested (immediate free recall, delayed
free recall, recognition).

Design. One study administered both treatments (stress and control) to each
participant at different stages of the experimental protocol in a crossover design (within-
subjects experiment), whereas 19 studies randomly assigned each participant to either a stress
group or a control group (between-subjects experiments).

Sex of sample. Three studies investigated all-female samples, 8 investigated all-male
samples, and 9 investigated mixed-sex samples.

Time of day. Eight studies administered their protocol in the morning, 11 in the
afternoon or evening, and 1 over the course of a day (stress protocols administered at several
stages throughout the morning, afternoon, and evening; Luethi et al., 2009).

Stage of the memory process. Three studies administered stress at encoding and had
an interval of > 90 minutes before retrieval. Ten studies administered stress at encoding and
had an interval of < 90 minutes before retrieval. Two studies administered stress at
consolidation (just after encoding). Five studies administered stress at retrieval.
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Table 1
Study Features for Final Sample
n Age
Memory Stressor Time of
Study? Mroal Nsress  Noontol Range M (SD) Sex”  Design® Measure®®  Administration’ day d¢
Boehringer etal. (2010) 51 33 18 18-31 2457 061 M B DR Retrieval PM =032
Domes et al. (2002) 2 2 12 3268 4730 1030 F B DR Encoding (<90) AM d™® = 024
b ) d™* = -009
omesetal. (2004)S1 40 20 20 1842 2530 660 M B DR & Recog  Encoding (>90) PM F=® = 0.04
) d**=-013
Domes et al. (2004) S2 40 20 20 1842 25.30 660 M B DR & Recog Retrieval PM ¢ = 0 00
i . d®=-022
Elzinga etal. (2005) 6 16 16 - 2140 210 F w IR & DR Encoding (<90) PM = 019
. IR & DR . d®=0.20
Espin et al. (2013) 119 57 62 1825 19.33 177 M+F B (RAVLT) Encoding (<90) PM d*R =043
.. IR . R _
Jelicicet al. (2004) 40 20 20 - 20.10 - M+F B (AVLT) Encoding (<90) PM d"=-0.36
Kuhlmann et al. (2005) 19 19 19 19-40 2458 126 M B DR Retrieval AM d®®=0.09
: . d™* =041
Luethi etal. (2009) 35 19 16 30-34  23.40 290 M B DR & Recog  Encoding (<90) AM+PM w951
Schoofs & Wolf (2009) 36 36 36 - 2447 063 F B DR Retrieval AM d**=0.19
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Smeets et al. (2007) 52 34 18 - 23.09 381 M+F B DR Encoding (>90) AM d**=0.25
IR & Recog dR=_0.05
Smeets et al. (2006a) S1 60 30 30 - 1991 332 M+F B (DRM Encoding (<90) PM dmg_ 0 21
paradigm) -
IR & Recog d® = -0.65
Smeetsetal. (20068) S2 92 68 24 - 19.74 187 M+F B (DRM Encoding (<90) PM 9= 030
paradigm) -
DR _
Smeets et al. (2006b) 60 30 30 1728 1965 024 M+F B Dgo\‘f‘vsel_cf)g Encoding (<90)  PM d‘gemg_:'(_’f;l
Smeetsetal. (2009)S1 32 16 16 18-39 2070 330 M B DR Consolidation AM d*= 036
. d®=-0.27
Smeetsetal. (2009)S2 32 16 16 1839 2070 330 M B IR & DR Encoding (>90) AM = 033
Stawski etal. (2009)S1 50 25 25 1824 18.94 102 M+F B DR Consolidation PM d*®= 018
Stawski etal. (2009)S2 50 25 25 18-24 18.94 102 M+F B IR Encoding (<90) PM d®=-0.57
Tollenaar et al. (2008)° - - - - - - - - - - - -
Wolf et al. (2001) 58 22 36 - 2425 083 M+F B DR Encoding (<90) AM d® = 007

Note. *Where papers were split into multiple studies, S1 = the first identified study from the paper, S2 = the second identified study from the paper.
M = Male-only sample, F = Female-only sample, M+F = Mixed sample. °B = Between-subjects, W = Within-Subjects. “IFR = Immediate Recall,
DR =Delayed Recall, Recog = Recognition. *Unless otherwise stated, all memory outcomes are measured using aword list. F (<90) = delay of less
than 90 minutes between end of stressor and retrieval, (>90) = delay of more than 90 minutes between end of stressor and retrieval. *This study
was excluded due to being the only study in the final sample investigating the effects of stress on cued recall.
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Materials used to test memory. Three studies used the Rey-Auditory Verbal
Learning Test (RAVLT; Taylor, 1959) or a modified version thereof, 1 study administered
the Logical Memory subtest from the Wechsler Memory Scale-Revised (WMS-R; Wechsler,
1987), 2 studies administered the Deese-Roediger-McDermott (DRM; Deese, 1959; Roediger
& McDermott, 1995) paradigm, and the remaining 14 studies used non-standardized word
lists. Many studies tested memory performance on both emotionally-valenced material and
the neutral material of interest to this meta-analysis. We considered only the data relating to
memory for neutral material.

Type of memory tested. Two studies tested both immediate and delayed free recall, 4
tested just immediate free recall, and 13 tested just delayed free recall. Recognition was also
tested in 6 of the studies measuring free recall. If multiple repetitions of the same test were
administered, we included only the first measure. Only one study (Tollenaar et al., 2008)

tested cued recall and so was excluded at this stage, making the total sample size 19.

Primary Analysis

To estimate the overall effect of stress on declarative memory performance, we
integrated all 28 calculated effect sizes. This integration resulted in a weighted average effect
size of d = -0.14, with a 95% confidence interval of -0.27 <d <-0.00. This indicates a small
impairing effect of stress on declarative memory. The Q1 value was 26.16 (p = .51), which
indicates that there was statistically significant homogeneity in the total sample of studies.
Furthermore, none (17 = 0%) of the total variability in this group of studies is explained by
between-study heterogeneity. This suggests that the sample of studies come from the same
population (Field, 2010; Rosenthal, 1995). However, a finding of statistically significant
homogeneity does not preclude investigation of potential moderators (Rosenthal & Rosnow,
2008). Moreover, the number of papers included in this meta-analysis is small (k = 16),
increasing the likelihood that between-study heterogeneity is going undetected (Type I error;
Higgins & Green, 2011). Based on these considerations, we conducted further analyses to

investigate our hypotheses (see Figure 2 for the forest plot of the primary analysis).
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Std. Mean Difference
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Figure 2. Forest plot showing the effect sizes and confidence intervals of studies included in
the primary analysis.
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Hypothesis testing. Consistent with our hypotheses, we conducted the following
moderator analyses to investigate: (1) measure of memory (comparing: immediate, delayed,
recognition), (2) stage of memory process at which stress was administered (comparing:
encoding, consolidation, retrieval), (3) sex of sample (comparing: male, female, mixed), and
(4) time of day (comparing: morning, afternoon). For each of these comparisons, we
categorized each study into its appropriate group (if the relevant information was available),
and then compared effect sizes and heterogeneity across categories. We excluded one study
(Luethi et al., 2009) from the time of day comparison because its protocol stretched over both

morning and afternoon, and it therefore did not fit into either category.



ACUTE PSYCHOSOCIAL STRESS AND DECLARATIVE MEMORY 22
Table 2
Results for Primary Analysis
Memory performance
Category d’s d 95% ClI QT 12
Measure of memory:
Immediate recall 7 -0.25 -0.51, 0.01 5.97 (p = .43) 0%
Delayed recall 15 -0.05 -0.22,0.13 12.50 (p = .57) 0%
Recognition 6 -0.27 -0.62, 0.08 5.32 (p =.38) 6%
Between category Qs(2)=233,p=.31 14 %
Stage of memory:
Encoding 21 -0.14 -0.30, 0.02 19.35 (p = .50) 0%
Consolidation 2 -0.21 -0.72,0.28 0.07 (p=.79) 0%
Retrieval 5 0.00 -0.29, 0.30 1.94 (p =.75) 0%
Between category Qe(2)=0.89,p=.64 0%
Sex of sample:
Male 11 -0.20 -0.47, 0.07 2.18 (p =.99) 0%
Female 4 0.00 -1.34,0.34 1.41 (p =.70) 0%
Mixed 13 -0.18 -0.51, 0.36 21.87 (p=.04) 45%
Between category Qe(2)=0.95,p=.62 0%
Time of day:
Morning 8 0.03 -0.21, 0.27 2.65 (p =.92) 0%
Afternoon 18 -0.21 -0.39, -0.02 20.17 (p =.27) 16%
Between category Qs(1)=2.39,p=.12 58.1%

Note. d’s = number of effect sizes per category. d = Cohen’s d effect size. Cl = Confidence
Interval. Qt = test of within-category homogeneity. 12 = magnitude of variability that can be
explained by between-category variance. Qg = test of between-category homogeneity.

Across all comparisons, the only group of studies for which a statistically significant
difference was observed between the experimental and control groups was for studies
conducted during the afternoon. Across all comparisons, the only sub-category that was
statistically significantly heterogeneous was the mixed-sex sample of studies. No between
sub-category heterogeneity was observed (see Table 2).

Within the measure of memory comparison, lack of heterogeneity between studies
suggests that immediate recall, delayed recall, and recognition can be considered together as
a valid, unitary, operationalization of declarative memory. However, this result was
particularly surprising for the following reasons: (a) as mentioned before, our sample size is
small, thereby increasing the chances of Type Il error and the likelihood that heterogeneity of
effects of stress on different memory measures is going undetected; and (b) previous studies
and theory suggest that the effects of stress on these measures are heterogeneous (Het et al.,
2005; Stawski et al., 2009). Therefore, we decided to conduct a sensitivity analysis for
studies using delayed recall as an outcome measure (Higgins & Green, 2011). This analysis
was not repeated for immediate recall or recognition, due to their underrepresentation in the
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total sample (immediate recall, k = 7, and recognition, k = 6) and their uneven distribution
across categories (e.g., there were no studies that used immediate recall measures and applied
stress at consolidation or encoding).
Sensitivity Analysis for Delayed Recall

We re-calculated the total average effect size by integrating only those effect sizes
from studies using delayed recall as an outcome measure. This calculation resulted in a
weighted average effect size of d =-0.11 (-0.30 < d < 0.08) indicating no evidence of an
effect of stress on delayed recall. The Qt value was 22.11 (p =.08), which indicates that there
was significant heterogeneity in this sample of studies. Furthermore, as indicated by the 12
value, 37% of the total variability in this group of studies is explained by between-study
heterogeneity (Higgins & Green, 2011; see Figure 3 for the forest plot of the primary
analysis).
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Figure 3. Forest plot showing the effect sizes and confidence intervals of studies included in
the sensitivity analysis.
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Hypothesis testing. The same comparisons to investigate hypotheses as run in the
primary analysis were re-run on only delayed recall studies. For all of these comparisons, the
confidence intervals of effect sizes indicated that there was no significant difference between

stress and control groups (see Table 3).

Table 3
Results for Sensitivity Analysis
Memory performance
Category ds d 95% ClI QT 12
Stage of memory:
Encoding 9 -0.10 -0.38,0.18 14.57 (p = .07) 45%
Consolidation 2 -0.21 -0.57,0.15 0.12 (p=.73) 0%
Retrieval 4 0.00 -0.30,0.28 2.00 (p=.57) 0%
Between category Qe(2)=0.79,p = .68 0%
Sex of sample:
Male 7 -0.22 -0.49,0.05 1.78 (p = .94) 0%
Female 3 000 -0.34,0.34 1.38 (p = .50) 0%
Mixed 5 -0.07 -0.51,0.36 17.31 (p = .002) 77%
Between category Qe(2)=1.14,p= .56 0%
Time of day:
Morning 8 0.03 -0.21,0.26 2.88 (p=.82) 0%
Afternoon 7 -018 -0.52,0.17 17.12 (p = .009) 65%
Between category Qe(1)=0.86,p=.35 0%

Note. d’s = number of effect sizes per category. d = Cohen’s d effect size. Cl = Confidence
Interval. Qt = test of within-category homogeneity. 12 = magnitude of variability that can be
explained by between-category variance. Qg = test of between-category homogeneity.

Stage of memory. The results of this categorical integration indicate that stress had no
effect on memory performance at any of the stages of the memory process. Studies in which
stress was applied at encoding were significantly heterogeneous. To investigate this
heterogeneity, we further stratified this category of studies by duration of delay between
encoding and retrieval (> 90 minutes versus < 90 minutes) because, as hypothesized, this was
expected to moderate the effects of stress on memory within the sub-category of encoding.
For this comparison, the category of studies with delay of > 90 minutes was homogeneous
(Qt =1.83, p =.40) and the stress manipulation had no effect (d = -0.03, 95% Cl = -0.39 <d
<0.33) on delayed recall. The category of studies with delay of <90 minutes, on the other
hand, was very heterogeneous (Qt = 17.37, p =.004), but again the stress manipulation had
no effect (d = -0.20, 95% CI = -0.65 <d < 0.25) on delayed recall.

Sex of sample. Both sub-categories of male studies and of female studies were very

homogeneous, whereas the sub-category of mixed sex studies was very heterogeneous. The



ACUTE PSYCHOSOCIAL STRESS AND DECLARATIVE MEMORY 26

stress/control manipulation had no effect on delayed recall performance in any of these
groups.

Time of day. The stress/control manipulation had no effect on declarative memory
performance in studies conducted in the morning, or on those conducted in the afternoon. The
category of morning studies was homogeneous, whereas afternoon studies were very

heterogeneous.

Discussion
The objectives of this meta-analysis were to (1) quantitatively review the overall
effect of acute psychosocial stress on verbal declarative memory for neutral material,
(2) determine whether there was variability in this effect that could be explained by
particular moderator variables, and (3) investigate the amount of variance explained by

such moderators, as opposed to within-study confounds.

Summary and Implications of Results

The most interesting finding of this meta-analysis lies in the difference between
the primary and sensitivity analyses. These analyses differed in the way that they
operationalized declarative memory: the primary analysis operationalized it as a
combination of immediate recall, delayed recall, and recognition, whereas the
sensitivity analysis operationalized it as delayed recall only.

Overall, the primary analysis suggests that acute psychosocial stress has an
impairing effect on declarative memory for neutral material. This impairing effect is
indicated by the fact that the confidence interval of the weighted average effect size of
all 19 studies included in the sample encompassed only negative numbers (where
negative effect sizes indicate that stress groups performed more poorly than control
groups), -0.27 < d < -0.001. In this analysis, the homogeneity within the total sample of
studies, in combination with the large confidence intervals associated with each study
(shown in Table 1 and Figure 2), suggest there is a high degree of within-study
variability. Such variability is likely due to the presence of confounds in the methods of
included studies, rather than to the systematic influence of moderators (Moayyedi,
2004). To researchers in this field, this finding indicates that studies investigating the
acute effects of psychosocial stress on memory performance are complex, featuring

many different moderators of unknown influence, and are therefore likely to be
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confounded and their results difficult to interpret. In short, our finding goes some way
toward explaining why there is such inconsistency in the literature on acute
psychosocial stress and memory performance. We suggest, on the basis of this primary
analysis, that there is an urgent need for standardization of study protocols.

Results from the secondary analysis provide further impetus for such
standardization. Our rationale for conducting the secondary (sensitivity) analysis was
that we expected it would allow closer examination of true effects. In other words, we
were seeking a way to peel away at least one confounding layer that produced the high
within-study variability that characterized the sample of studies within the primary
analysis. Peeling away that layer, however, did not reduce opacity and magnify the
strength of our focus on true effects; rather, it revealed multiple more opaque layers
and potential sources of confound that can, potentially, obscure the true effects.

In the sensitivity analysis, we simplified the operationalization of declarative
memory performance by removing all studies that used immediate recall or recognition
as an outcome variable, and by retaining only studies that used delayed recall as an
outcome variable. The results of this analysis suggested that acute psychosocial stress
has no effect on declarative memory (operationalized in this simplified fashion) for
neutral material.

Taking the sensitivity analysis further, we noted that the sub-sample of studies
included in that analysis was heterogeneous. This heterogeneity indicates that more
variance than can be explained by within-study confounds alone is occurring, and that
moderating effects of other variables are likely. However, the outcomes of subsequent
moderator analyses revealed an alternative explanation for this heterogeneity. For each
comparison we conducted, there were within-category differences in the
heterogeneity/homogeneity of sub-categories of studies (e.g., studies conducted in the
morning were homogeneous, whereas those conducted in the afternoon were
heterogeneous), even though there was no between-category heterogeneity in any of
these comparisons (i.e., stress was not moderated by time of day). The sensitivity
analysis therefore suggests that although there are differences in the
heterogeneity/homogeneity of sub-categories of studies, none of the potential
moderators we investigated had moderating effects. Rather, this analysis makes a

significant contribution to the field by identifying specific sub-categories (e.g., afternoon



ACUTE PSYCHOSOCIAL STRESS AND DECLARATIVE MEMORY 28

studies) in which within-study variation is large, highlighting the need for researchers
to pay particular attention to the experimental designs of these studies.

Accurate operationalization of declarative memory is important. Comparing
the primary to the secondary analyses reveals a clear difference in terms of explanatory
power when a unitary operationalization is used (as in the sensitivity analysis, which
used delayed recall only) versus when a multi-component operationalization is used (as
in the primary analysis, which used immediate recall, delayed recall, and recognition).
In the sensitivity analysis, the total sample proved to be significantly heterogeneous,
and clear effects within sub-categories were apparent. In the primary analysis, the total
sample was significantly homogeneous, and effects within sub-categories were far less
apparent. And it seems the reason why effects are clouded in the primary analysis, but
clear in the sensitivity analysis, is due to how truly each operationalization represents
declarative memory.

Perhaps the multi-component operationalization of declarative memory is
problematic because its constituent components are supported by different brain
structures. Neuropsychological literature regarding memory-modulatory brain
structures suggests that recognition tasks activate prefrontal, parietal, and medial
temporal regions (Yonelinas, Otten, Shaw, & Rugg, 2005).2 Similarly, immediate recall
tasks activate prefrontal cortical structures such as those usually implicated in working
memory processing, as well as medial temporal structures such as those usually
implicated in declarative memory processing (Oei et al., 2006; Wolf, 2003).3 Delayed
recall tasks, on the other hand, are largely hippocampal-dependent, and so, in some
ways, can be considered the ‘purest’ measure of declarative memory (Alderson &
Novack, 2002).

In light of this literature, it is probable that operationalizing declarative memory
using delayed recall (as done in the studies that were included in the sensitivity
analysis) will allow clearer interpretation of the effects of acute psychosocial stress on
declarative memory performance. However, it is impossible to determine from this

meta-analysis whether delayed recall is the best operationalization of declarative

2This is because, typically, recognition memory depends on neural regions that support both autonoetic
and noetic awareness (Tulving, 1985; Wheeler, Stuss, & Tulving, 1997).

3This is because, in immediate recall paradigms, learning is tested immediately
following encoding, which increases the likelihood that some learned information is
recalled from working memory (Jelici et al., 2004; Stawski et al., 2009)
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memory, because the other two potential unitary operationalizations (just immediate
recall, or just recognition) could not be investigated due to their uneven distribution
across subsequent sub-categories of comparison. Therefore, although identifying the
best operationalization of declarative memory was not one of the aims of this paper, the
effects we uncovered have important implications for the field.

For instance, and this harks back to our earlier call for standardization of study
protocols within this field, researchers might adopt what seems to be the best practice
in operationalizing their outcome variables and select delayed recall as the sole (or, at
least, a distinct) performance measure. This would be one step toward improving
interpretability of findings, thus removing an obstructive opaque layer and moving
closer toward inspection of true effects.

Meta-analytic investigation of potential moderating variables. Based on this
idea that a unitary operationalization of declarative memory should be used in studies
in this field, we will discuss investigation of potential moderating variables in terms of
the outcomes of the sensitivity analysis.

None of the potential moderators investigated were shown to have a statistically
significant effect. This was indicated by the absence of significant between-category
heterogeneity in all of the moderator analyses conducted. However, within each
moderator analysis, unexpected heterogeneity was found within one of the sub-
categories. Heterogeneity within a sub-category indicates that there are important
differences between studies included in this category (Rosenthal & Rosnow, 2008). The
instances of heterogeneous sub-categories are discussed with regard to the specific
moderator analysis in which they occurred:

Stage of memory process. As suggested by inconsistency in the literature, but
in contrast with influential theory (Roozendaal, 2002), the stage of the memory process
at which stress was administered did not significantly moderate the effects of stress on
memory. In this comparison, the category of studies in which stress was administered
at encoding was significantly heterogeneous. Various findings in the literature suggest
that stress administered at the encoding stage of the memory process is likely to have a
different effect on memory when there is a delay of less than 90 minutes between
encoding and retrieval compared to when there is a delay of more than 90 minutes

(Kirschbaum et al, 1993). To investigate whether this might explain some of the
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heterogeneity within this category, we stratified studies based on the duration of delay
between encoding and retrieval in their respective procedures.

Stratification of encoding. In this stratification, duration of delay was not found to
have a moderating effect. However, the sub-category of studies in which there was a
sufficient delay was homogeneous, whereas the category of studies with an insufficient
delay was heterogeneous. Such differences in within-category variance may be
explained by the following findings within the literature: With a sufficient delay, cortisol
levels have time to return to baseline before retrieval, whereas with an insufficient
delay they may still be elevated at retrieval, thereby potentially also affecting the
retrieval stage of the memory process, which is likely to confound effects (Burke et al,,
2005).

Sex of sample. Sex of sample was not found to moderate the effects of acute
psychosocial stress on declarative memory performance. However, in this moderator
analysis, the mixed sex category of studies was very heterogeneous, whereas both
female and male categories were homogenous (Kirschbaum et al., 1992).

The homogeneity of the female category of studies was not in line with the
literature reviewed in this paper. Findings within the field suggest that this sub-
category should be heterogeneous, due to confounding variables associated with female
stress-induced cortisol response (e.g., menstrual cycle phase; Espin et al., 2013;
Kirschbaum et al,, 1992, 1999; Kudielka et al., 2009). However as there were only 3
studies in the female category, this finding should be interpreted with caution and more
studies of this kind (i.e., with controlled female samples) must be done before
conclusions may be drawn.

Heterogeneity within the mixed sex category was unexpected. A close
examination of studies in this category revealed potential confounds in their methods
which might be responsible for within-category heterogeneity: 1) some of the mixed
studies have more male participants than female participants (e.g., Wolf et al.,, 2001),
whereas others have more female participants than male participants (e.g., Espin et al,,
2013; see Table 1); 2) within mixed studies, males and females were not always evenly
distributed across treatment groups (i.e., stress versus control; e.g., Smeets et al.,
2006a). Such methodological variance within this category is likely to contribute to
heterogeneity within it, as the significant effects related to sex are not controlled for

(Kirschbaum et al., 1992; Kudielka et al., 2009). In future research it is recommended
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that studies a) use standardized ‘mixed sample designs’ (i.e. where males and females
are equally represented and equally distributed across treatment groups), or b) report
separate data for male and female outcomes.

Time of day. The time-of day at which studies were conducted was not found to
moderate the effects of acute psychosocial stress on declarative memory performance.
However, in this moderator analysis, studies conducted in the morning were
homogenous, whereas there was very significant heterogeneity amongst studies
conducted in the afternoon. The within-category heterogeneity of studies conducted in
the afternoon is unexpected and not explained by the existing literature (Maheu,
Collicutt, Kornik, Moszkowski, & Lupien, 2005). It is therefore likely that within-category
heterogeneity is due to confounds between these studies. Therefore, further specific
investigation of studies conducted in the afternoon is necessary before the
heterogeneity of this category may be interpreted. This could easily be done by
experiments whereby identical protocols are conducted in the morning for both stress
and control groups, and in the afternoon for an additional stress group and an
additional control group. Such experiments would be a valuable addition to literature
regarding the effects of acute stress on memory performance, because they would add
clarity to the existing controversies regarding the cortisol cycle, and help to explain the
heterogeneity within this sub-category of studies.

[t is notable that many of the effects observed in the above moderator analyses,
derived from the sensitivity analysis, are also suggested in the primary analysis, but to a
far lesser degree. This corroborates the interpretation that important effects of stress
on declarative memory indeed appear to be clouded when a multi-component
operationalization of declarative memory is used. Within sub-category effects only

become clear when a unitary-component operationalization is used.

Limitations of the Current Study

All meta-analyses are limited by several inherent problems. There are 4 key
limitations that need to be considered in the context of our meta-analysis. The first
three are directly related to the strict selection (inclusion and exclusion) criteria that we
used to acquire our sample of papers. The fourth is related to the methods used to

report on study results.
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Publication bias. The decision to only include previously published research in
this meta-analysis introduces a form of publication bias because of the likelihood that
papers with significant results (e.g., a significant impairing effect of psychosocial stress
on memory performance) will be over-represented in the sample of studies. This issue
of overrepresentation arises from the fact that papers without statistically significant
findings are less likely to be published than those with statistically significant results
(Moayyedi, 2004).

However, although this meta-analysis only included previously published
studies, (thereby excluding any grey literature), the fact that a number of the studies (n
=9; 52.63%) included in our sample reported results that were not statistically
significant indicates that our sample is likely to be representative. Therefore, the risk of
publication bias negatively affecting our findings is unlikely.

The ‘trash-in, trash-out’ problem. This second issue, which is inherent to all
meta-analyses, refers to the fact that the results produced by a meta-analysis are only as
good as the results entered into the meta-analysis. This may result in the potential
exaggeration of results through methodological flaws. In cases of included ‘trash’, biases
are perpetuated in a meta-analysis by combining a series of inadequately conducted
studies, thereby magnifying their shortcomings (i.e., the fact that they did not control
for moderator variables; (Moayyedi, 2004).

We attempted to counter the effects of this problem by using strict inclusion
criteria. For example, we required all included studies to be published in peer-reviewed
journals. This reduced the likelihood of methodological flaws making their way into our
meta-analysis. As our study sample consists of studies which are therefore of a high
standard means that our meta-analysis is more likely to produce sound results.

Small sample size. The third limitation of our meta-analysis is that our sample
size is relatively small (n = 19). This increases the importance of exercising caution
when interpreting our results (Glass, 1976).

In this respect, our stringent inclusion and exclusion criteria may have been, in
part, responsible for this limitation. However, the total sample size of included studies
is similar to that of previous meta-analyses in the acute stress research field. These
studies have reported similar or a smaller sample sizes (e.g., Het et al., 2005).

The lack of methodologically homogenous studies within this field has limited

the scope of this meta-analysis. This existence of this limitation enables us to reiterate
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the need for more, standardized, studies investigating the effects of acute psychosocial
stress on verbal declarative memory.

Inaccessibility of reported data. In meta-analyses, some studies might be
excluded for reasons other than the stated eligibility criteria (i.e., due to inaccessibility
of the data).

Meta-analysis requires the use of data for each eligible study. are accessible to
the researcher. Unfortunately, the studies included in this meta-analysis were found to
be lacking in both the type and amount of data that were included.

Two studies had to be excluded due to a lack of available information. One of
these study’s did not report data for all groups, and the other study’s plots were
unreadable. Although repeated attempts were made to contact the authors of these
studies, we did not receive any responses to our requests for additional information.

It is therefore important to highlight this limitation for all future published
protocols. All data need to be reported consistently and comprehensively in tables of in
figures (if data are not reported in tables, they should be provided in appendices), in
order to avoid the need to exclude studies from future meta-analytic investigations (and

could therefore lead to a bias in the results).

Strengths of Meta-Analysis.

Despite all of the above-mentioned limitations, meta-analysis as a technique has
many strengths. It imposes a discipline on the analysis of literature within a field and
by doing so enables important effects across studies to become apparent. This enables
more sophisticated interpretations of findings to be made than are possible in many
other types of study (e.g., systematic reviews; Higgins & Green, 2008). The discoveries
of the present meta-analysis demonstrate these strengths of meta-analysis. Findings
reveal important effects previously undiscovered within this field and by doing so make

an invaluable contribution to it.
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APPENDIX A

Rationale for Splitting Papers

The following papers were split into further studies for the following two
reasons: The studies either had more than one stress group (i.e., the administration of
the stressor at separate stages of the memory process), or, based on the encoding and
retrieval of two different word lists at different stages of the memory process.

Domes et al., (2004) had two stress groups: pre-learning stress and pre-retrieval
stress. They were split into two studies (i.e., (i) Domes et al., (2004) pre-learning stress,
and (ii) Domes et al.,, (2004) pre-retrieval stress) because the stressor in each group
was administered at two different stages of the memory process (encoding and
retrieval, respectively).

Elzinga et al., (2005) was a within-groups, crossover design. The experimental
protocol had multiple declarative memory tests (immediate free recall, delayed free
recall, cued recall, and recognition), several versions of each test (e.g., word lists 1, 2
and 3; and paragraphs 1, 2 and 3), and was conducted over two days. However, due to
the complexity of the study’s experimental design, only immediate and delayed recall of
paragraph 3 on day 1 could be included as the memory outcome measure for the stress
group. The memory outcome measure for the control group was immediate and delayed
recall of paragraph 1, because it occurred before the stressor, and on the same day as
retrieval of paragraph 3. None of the other groups had comparable control groups.

Smeets et al,, (2009) also had two stress groups: pre-stress learning and post-
stress immediate learning, as well as an appropriate control group- this group was
exposed to the TSST, but only encoded the word list 2 hours after the TSST ended,
thereby giving enough time for cortisol levels to have returned to baseline). This paper
was therefore sub-divided into two separate studies: (i) Smeets et al., (2009) pre-stress
learning group, who were exposed to the stressor at consolidation, and (ii) Smeets et al.,
(2009) post-stress immediate learning group, who were exposed to the stressor at
encoding.

Stawski et al.,, (2009) had two word lists, and tested delayed recall and
immediate recall of both word lists. However, word list 1 was encoded and immediately
recalled prior to the stress manipulation, whereas delayed recall of list 1 was tested

after the manipulation. This means that the stressor was in no way affecting memory
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processing at immediate recall, and so only delayed recall for word list 1 was included.
Word list 2, however, was encoded, immediately recalled, and then tested for delayed
recall all after the stress manipulation. In this case, both immediate and delayed recall
were taken into account for list 2.

Furthermore, separate d’s (effect sizes) were also calculated for studies that had
more than one memory measure (e.g., immediate recall, delayed free recall, and
recognition). For example, Espin et al,, (2013) tested immediate free recall and delayed
free recall, and so separate effect sizes were calculated for each of these memory

measures.
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APPENDIX A

Rationale for Splitting Papers

The following papers were split into further studies for the following two
reasons: The studies either had more than one stress group (i.e., the administration of
the stressor at separate stages of the memory process), or, based on the encoding and
retrieval of two different word lists at different stages of the memory process.

Domes et al., (2004) had two stress groups: pre-learning stress and pre-retrieval
stress. They were split into two studies (i.e., (i) Domes et al., (2004) pre-learning stress,
and (ii) Domes et al.,, (2004) pre-retrieval stress) because the stressor in each group
was administered at two different stages of the memory process (encoding and
retrieval, respectively).

Elzinga et al., (2005) was a within-groups, crossover design. The experimental
protocol had multiple declarative memory tests (immediate free recall, delayed free
recall, cued recall, and recognition), several versions of each test (e.g., word lists 1, 2
and 3; and paragraphs 1, 2 and 3), and was conducted over two days. However, due to
the complexity of the study’s experimental design, only immediate and delayed recall of
paragraph 3 on day 1 could be included as the memory outcome measure for the stress
group. The memory outcome measure for the control group was immediate and delayed
recall of paragraph 1, because it occurred before the stressor, and on the same day as
retrieval of paragraph 3. None of the other groups had comparable control groups.

Smeets et al,, (2009) also had two stress groups: pre-stress learning and post-
stress immediate learning, as well as an appropriate control group- this group was
exposed to the TSST, but only encoded the word list 2 hours after the TSST ended,
thereby giving enough time for cortisol levels to have returned to baseline). This paper
was therefore sub-divided into two separate studies: (i) Smeets et al., (2009) pre-stress
learning group, who were exposed to the stressor at consolidation, and (ii) Smeets et al.,
(2009) post-stress immediate learning group, who were exposed to the stressor at
encoding.

Stawski et al.,, (2009) had two word lists, and tested delayed recall and
immediate recall of both word lists. However, word list 1 was encoded and immediately
recalled prior to the stress manipulation, whereas delayed recall of list 1 was tested

after the manipulation. This means that the stressor was in no way affecting memory
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processing at immediate recall, and so only delayed recall for word list 1 was included.
Word list 2, however, was encoded, immediately recalled, and then tested for delayed
recall all after the stress manipulation. In this case, both immediate and delayed recall
were taken into account for list 2.

Furthermore, separate d’s (effect sizes) were also calculated for studies that had
more than one memory measure (e.g., immediate recall, delayed free recall, and
recognition). For example, Espin et al,, (2013) tested immediate free recall and delayed
free recall, and so separate effect sizes were calculated for each of these memory

measures.
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