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Abstract
Previous research suggests that stress can influence a broad range of memory functions. In this study we investigated the effect
of a naturalistic stressor, examination stress, on working memory in young adults. In order to accomplish this aim, participants
were tested on psychological and hormonal measures of stress and on Digit Span, once during a low stress period and once
during a high stress period. The high examination stress condition was associated with an increase in cortisol and subjective
impressions of stress. Although Digits Forward performance did not vary with examination stress, Digits Backward
performance improved. These findings suggest that mild increases in stress are associated with improvement in the
manipulation component of working memory. However, no correlations were found between working memory and either
cortisol or psychological stress. Thus the mechanism by which mild naturalistic stressors improve the manipulation
component of working memory needs further investigation.
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While most of the studies on stress and memory have
focused on the impact of elevations of glucocorticoids
on long-term declarative memory, relatively few
studies have investigated the role of hormonal
elevations on working memory. Yet there is some
evidence to suggest that acute increases in cortisol may
have a more dramatic effect on working memory than
on long-term, declarative memory (Lupien and
Lepage 2001).

In general, three approaches have been taken to
studying stress and working memory in humans. The
first approach uses hydrocortisone administration.
Generally these studies have found deficits in working
memory (Lupien et al. 1999; Young et al. 1999; Wolf
et al. 2001), although a few studies did not find any
effects on Digit Span (Lupien et al. 1999; Kuhlmann
et al. 2005), a frequently used clinical and
experimental measure of working memory. A strength
of the hydrocortisone administration approach is the
control it provides through directly increasing gluco-
corticoid level in relative isolation from other

hormones. One limitation, however, is that the
approach has only limited ecological validity. For
example, the elevations in cortisol that result from
hydrocortisone administration have been substantially
higher than those occurring naturally, ranging from a
200% increase in urinary cortisol (Young et al. 1999)
to an 800% increase in salivary cortisol (Kuhlmann
et al. 2005). Furthermore, increases in cortisol
induced by hydrocortisone may not be associated
with increases in subjective accounts of stress (Wachtel
et al. 2001), which typically result following naturally
occurring stressors (Smyth et al. 1998).

A second approach has been to induce stress in the
laboratory through use of public speaking and
demanding arithmetic tasks, such as occurs in the
Trier Social Stress Test (TSST) (Kirschbaum et al.
1996). While some findings have suggested no effect
of such laboratory stressors on Digit Span (Kuhlmann
et al. 2005) or impairment in only Digits Forward of
cortisol responders (Elzinga and Roelofs 2005), other
findings have suggested an increase in the storage
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component and a decrement in the manipulation
component of working memory (al’Absi et al. 2002).
One advantage of laboratory stressors, like the TSST,
is that it can be administered under controlled,
laboratory conditions. It also has greater ecological
validity than hydrocortisone administration due to its
modeling of naturally-occurring stressors. Moreover,
laboratory stressors show more modest increases in
cortisol than do hydrocortisone administration
studies, ranging from a 50% increase (Elzinga and
Roelofs 2005) to a 100% increase (al’Absi et al. 2002).
However, it is still not clear to what extent laboratory
stressors may be externally valid and generalize to
naturally occurring settings (Lundberg et al. 1990;
Spangler 1997; Cohen et al. 2000).

A third approach, which has received the least
attention, has been to measure working memory in
response to naturalistic stressors. A major strength of
the naturalistic stressor approach is its external
validity. However, this approach may also have limited
internal validity. For instance, Vedhara et al. (2000)
tested students during a non-examination period and
during an examination period and found an increase
in subjective stress during the examination period, but
a decrease in salivary cortisol. No change was found in
working memory performance between the non-
examination and examination conditions. Klein and
Boals (2001) found that reports of stressful life events
were correlated with a decrease in working memory;
however, no measure of cortisol was taken in their
study. Because of these inconsistent findings and the
paucity of relevant studies, the relationship among
psychological stress, cortisol, and working memory in
naturalistic situations remains unclear.

An additional issue in this literature is that even
when alterations in working memory are found, it is
not always clear which stage of working memory is
most affected. Working memory refers to the
temporary storage, maintenance, and manipulation
of information and involves several dissociable
components. Mechanisms for the storage of infor-
mation have been associated with posterior brain
structures, whereas mechanisms for manipulation of
information, or executive control, have been associ-
ated with anterior brain structures (D’Esposito and
Postle 2002). Of the studies that measured both
storage and executive control, the results have been
inconclusive. For example, Wolf et al. (2001) found a
decrement in storage and executive control, Lupien
et al. (1999) found no change in storage but a decrease
in executive control, and Elzinga and Roelofs (2005)
found impairment only in storage.

The primary goal of the present study was to
investigate how a naturalistic stressor, examination
stress, affects the storage and executive control
elements of working memory using Digit Span. We
measured working memory using Digit Span for two
reasons. First, it is the single most widely used task

in the stress and working memory literature, as well as
one of the most widely used measures of working
memory in clinical and experimental studies (Lezak
1995). Second, Digit Span can also be used to assess
different components of working memory; Digits
Forward being associated with storage and Digits
Backward being associated with executive control
(D’Esposito and Postle 1999, 2002). Furthermore,
because recent data have questioned the coincidence
of psychological and physiological measures of stress
(Dickerson and Kemeny 2004), we measured the
subjects’ perception of stress as well as salivary
cortisol, a hormonal index of stress. Finally, we used
a naturalistic stressor, examination stress, in order to
increase the generalizability of our findings.

Method

Participants

Sixty-seven undergraduates, ages 18–22 years
(33 males and 34 females) served as participants.
The investigation of the relationship between stress
and working memory was part of a larger study on
stress and brain activity (Weekes et al. 2006). Twenty-
seven participants were tested during the summer and
fall of 2003 (Group A) and 40 participants were tested
during the spring and summer of 2004 (Group B).
Exclusion criteria included: (i) smokers, (ii) left-
handers (excluded because of concern about reversed
language dominance during the event-related poten-
tial (ERP) memory task, not included in this report),
(iii) non-native English speakers, (iv) those with vision
that was not corrected to normal, (v) antihistamine,
glucocorticoid or asthma medication users, (vi) those
with exposure to general anesthesia in the last year,
(vii) those with a personal or first degree family
diagnosis of a DSM-IV, Axis I disorder, and (viii)
those with endocrine abnormalities.

Psychological materials

Spielberger State Trait Anxiety Inventory (STAI;
Spielberger 1983)

The State Inventory. This 20-item scale is the
subscale of the Spielberger State Trait Anxiety
Inventory (STAI-S) that assesses anxiety at the time
of testing. The Spielberger state anxiety inventory
questions how participants “feel right now” regarding
items such as, “I wish I could be as happy as others
seem to be” and “I have disturbing thoughts” rated on
a 4-point scale in which 1 signifies “almost never” and
4 signifies “almost always.”

The trait inventory. This 20-item scale is the subscale
of theSpielberger StateTraitAnxiety Inventory (STAI-
T) that assesses chronic anxiety. The Spielberger Trait
Anxiety Inventory questions participants about
how they “feel generally” regarding items such as,
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“I wish I could be as happy as others seem to be” and “I
have disturbing thoughts” rated on a 4-point scale in
which 1 signifies “almost never” and 4 signifies “almost
always.”

Perceived Stress Scale (PSS; Cohen et al. 1983). This
14-item inventory assesses the frequency of feelings of
anxiety regarding certain potentially stressful events
over the preceding month. The 5-point scale includes
items such as “In the last month, how often have you
been angered because of things that happened that
were outside of your control?” and “In the last month,
how often have you felt difficulties were piling up so
high that you could not overcome them?” Responses
range from 0 indicating “never” to 4 indicating “very
much so.”

Digit Span. The Digit Span subtests were derived
from the Wechsler Memory Scale-Revised (WMS-R)
(Wechsler 1987) and the Wechsler Adult Intelligence
Scale-Revised (WAIS-R) (Wechsler 1981). In order to
make the two versions of Digit Span comparable, the
last trial of the Digits Forward and Digits Backward
subtests from the WAIS-R were eliminated. There-
fore, the Digits Forward subtest consisted of Trial I
and Trial II for six items ranging from three digits to
eight digits. The Digits Backward subtest consisted of
Trial I and Trial II for six items ranging from two digits
to seven digits. The maximum number of digits in the
final sequences was the same as in other studies using
Digit Span to investigate the effects of stress on
working memory (Wolf et al. 2001; Elzinga and
Roelofs 2005; Kuhlmann et al. 2005). Digit Span was
administered and scored according to the Wechsler
manuals. Digits were presented one per second and
participants were required to repeat the digits in order
for Digits Forward and in reversed order for Digits
Backward. Each correct trial received a score of one
point. There were a total of 12 possible points for each
subtest. Testing was discontinued if the subject failed
at both trials within a given digit series length.

Design

A counterbalanced, within-participants design was
implemented in this study where examination stress
(low examination period, high examination period)
was the one consistent within-participants factor.
There were two counterbalanced groups of partici-
pants, Group A was tested during summer and fall of
2003 and Group B was tested during spring and
summer of 2004. Sex of subject served as the second
between-subjects factor. The dependent variables
measured were level of psychological stress (i.e. state
anxiety, trait anxiety, and perceived stress), hormonal
stress (i.e. salivary cortisol level), and performance on
Digits Forward and Digits Backward.

Procedure

All participants came into the laboratory individually,
once during a low examination stress period, and once
during a high examination stress period. All low
examination stress testing occurred during either
Summer 2003 or Summer 2004, when no classes were
in session. All high examination stress testing occurred
during either Fall 2003 or Spring 2004. In order to
avoid the sharp decline in cortisol observed during the
hours following morning awakening (see Kirschbaum
and Hellhammer 1994 for a review of this issue), all
subjects were tested in the afternoon or early evening
hours. A typical session started at either 3:30 pm or
5:30 pm For any one individual, there was no more
than a 1 h discrepancy between the commencement of
the low stress and high stress testing sessions. The two
sessions occurred approximately three months apart.
Sessions were approximately 2 h in length.

The two sessions differed only in whether the
session was scheduled during a time of high or low
examination stress. The high examination session was
defined as a session when the subject had at least three
major examinations or assignments due that week.
A low examination session was defined as a session
during the summer when no classes were in session
and when the subject had no major examination or
assignments due.

After providing informed consent, participants
completed a packet of stress inventories and were
given one salivette to provide one salivary sample.
Subjects then participated in an ERP encoding task
(not described here). After approximately 30min of
the ERP encoding task, participants were adminis-
tered the Digit Span Test. This was followed by 40min
of an ERP recognition task. At the end of testing,
participants were given a second salivette and
provided a second salivary sample. Samples were
placed in a 2208C freezer. After all samples had been
collected, they were sent to Salimetrics, Inc. in State
College, PA to be analyzed for cortisol via enzyme-
linked immunosorbent assay (ELISA). The average
concentration of cortisol in the two salivary samples
taken at each session was used as a measure of
physiological stress. The study protocol was approved
by the Pomona College Institutional Review Board for
Human Subject Protection.

Results

Ten of the original 67 subjects were excluded because
of their extreme scores based on an outlier analysis of
cortisol samples. This is consistent with the approach
that we have taken for subject exclusion in our
previous work on this sample population (Weekes et al.
2006). More specifically, of the 10 subjects who were
excluded, all had cortisol concentrations that were
at least 2.5 SDs above the mean. Of the remaining

R. S. Lewis et al.110



57 subjects, one subject had a Digits Backward value
less than three standard deviations below the mean,
and eight had missing data. Thirteen of the excluded
subjects were male and six were female (leaving 20
males and 28 females in the final analysis). Eight of the
excluded subjects were from Group A, and 10 were
from Group B, leaving 18 subjects from Group A and
30 from Group B.

Analyses were performed on the remaining 48
subjects. For the working memory variables, a single
omnibus 2 £ 2 £ 2 £ 2 mixed ANOVA was per-
formed with Counterbalancing Group (A, B) and Sex
(female, male) as between-subject factors and with
Session (low examination period, high examination
period) and Digit Span subtest (digit forward, digit
backward) as the within-subject factors. Means and
standard deviations for the dependent variables for the
low and high examination sessions are presented in
Table I.

For each stress-related dependent variable (psycho-
logical measures of stress and cortisol concentrations),
a 2 £ 2 £ 2 mixed ANOVA was performed with
Counterbalancing Group (A,B) and Sex (female,
male) as between-subject factors and with Session
(low examination period, high examination period) as
the within-subject factor. Means and standard
deviations for the dependent variables for the low
and high examination sessions are presented in Table I.

Working memory: Digit Span

Performance was found to significantly vary between
the low and high examination stress sessions,
F(1,44) ¼ 131.86, p , 0.0001, h 2 ¼ 0.75, such that
overall performance was better during the high
examination stress session than during the low
examination stress session. In addition, a significant
interaction was found between Session and Digit Span
subtest, F(1,44) ¼ 5.27, p ¼ 0.03, h 2 ¼ 0.11, such
that the Digits Forward subset showed no session-
related performance difference (t(47) ¼ 0.90, ns),
whereas the Digits Backward subtest showed signifi-
cantly greater performance during the high examin-
ation stress session than during the low examination

stress session (t(47) ¼ 22.58, p ¼ 0.02). No other
main effects or interactionswere found to be significant.
Of critical interest to the present investigation, no
significant interactions were found between session and
sex, F(1,44) ¼ 0.24, ns, h 2 ¼ 0.05; session and group,
F(1,44) ¼ 2.13, ns, h 2 ¼ 0.05, or session by sex by
group, F(1,44) ¼ 0.63, ns, h 2 ¼ 0.01.

Even though the maximum number of digits used
in the Digits Forward subtest was the same as used
in other studies of stress and working memory, 14
of our subjects had perfect scores (12) on one of
the Digits Forward measures. Therefore, we also
ran separate analyses with only those 34 subjects
without a perfect score. This was done in order to
rule out a ceiling effect attenuating a difference on
Digits Forward between the low and high examin-
ation stress sessions. For the subjects without
perfect scores, Digits Forward was still not found
to significantly vary between the low and high
examination stress sessions, F(1,30) ¼ 0.27, ns,
h 2 ¼ 0.009. In addition, no interactions were
found between the examination sessions and sex,
F(1,30) ¼ 0.64, ns, h 2 ¼ 0.02, session and group,
F(1,30) ¼ 0.002, ns, h 2 ¼ 0.001, nor session by sex
by group, F(1,30) ¼ 0.10, ns, h 2 ¼ 0.003. Reduced
sleep and greater caffeine use during the high
examination stress period (based on data from 40
subjects, t(39) ¼ 2.78, p ¼ 0.008) showed no corre-
lation with performance.

Psychological stress

All of the subjectivemeasures of stresswere significantly
higher during the high examination stress session than
during the low examination session (STAI-S:
F(1,44) ¼ 7.76, p ¼ 0.008, h 2 ¼ 0.15; STAI-T:
F(1,44) ¼ 4.96, p ¼ 0.03, h 2 ¼ 0.10; PSS: F(1,44) ¼
9.34, p ¼ 0.004, h 2 ¼ 0.18). However, no interactions
were foundbetween session and sex (STAIS:F(1,44) ¼
1.03, ns, h 2 ¼ 0.02; STAI-T: F(1,44) ¼ 0.30, ns,
h 2 ¼ 0.007; PSS: F(1,44) ¼ 0.03, ns, h 2 ¼ 0.001),
session and group (STAIS: F(1,44) ¼ 0.31, ns, h 2 ¼
0.007; STAI-T: F(1,44) ¼ 0.01, ns, h 2 ¼ 0.001; PSS:
F(1,44) ¼ 0.16, ns, h 2 ¼ 0.004], or session by sex

Table I. Mean scores of stress measures and Digit Span (and standard deviations) as a function of examination stress.

Low examination stress High examination stress

State anxiety (STAI-S)*** 32.89 (6.60) 37.647 (10.28)

Trait anxiety (STAI-T)** 35.83 (7.23) 37.71 (7.86)

Perceived stress (PSS)**** 19.33 (6.49) 22.79 (6.97)

Salivary cortisol (ug/dl)* 0.09 (0.03) 0.11 (0.04)
Digit forward 10.7 (1.36) 10.04 (1.30)

Digit backward** 7.79 (1.83) 8.52 (1.72)

*p ¼ 0.05; **p , 0.05; ***p , 0.01; ****p , 0.005.
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by group [STAIS: F(1,44) ¼ 1.88, ns, h 2 ¼ 0.04;
STAI-T: F(1,44) ¼ 0.42, ns, h 2 ¼ 0.009; PSS:
F(1,44) ¼ 0.10, ns, h 2 ¼ 0.002]

Cortisol

Salivary cortisol concentration was also significantly
greater during the high examination stress session
than during the low examination session,
F(1,44) ¼ 4.00; p ¼ 0.05, h 2 ¼ 0.08. However, no
interactions were found between session and sex,
F(1,44) ¼ 2.02, ns, h 2 ¼ 0.04, session and group,
F(1,44) ¼ 1.47, ns, h 2 ¼ 0.03 or session by sex by
group, F(1,44) ¼ 1.21, ns, h 2 ¼ 0.03.

Relationship among variables

Because there is variability in how people respond to
and perceive stressful situations, we also investigated
whether there was a relationship between changes in
stress and working memory performance. Therefore,
we conducted a correlational analysis between the
percent change in stress measures across the two
sessions and the percent change in Digit Span
measures across the two sessions (see Table II for
results). No significant correlations were observed
between the stress measures and either the Digits
Forward or Digits Backward subtests. We also
calculated correlations among these dependent vari-
ables for individual sessions, but none of these
correlations were significant either. Furthermore, we
performed a curve fitting analysis to test for quadratic
relationships. Similarly no significant relationships
were found (see Table III for results).

Finally, the result that no significant interactions
were found with either the sex or the group of the
participants suggest that enhanced performance for
Digits Backward during the high examination stress
session was dependent neither on whether the subject

was male or female, nor on whether the high
examination stress session was the first (as in
Group B) or the second (as in Group A) session in
which individual subjects participated.

Discussion

The examination stress design used in the present
study resulted in an increase in perception of stress by
the subjects as well as in their salivary cortisol levels.
Exposure to stress did not affect Digits Forward
scores, but did increase Digits Backward scores. These
findings suggest that exposure to examination stress
results in an increase in the manipulation component
of working memory, a component that has been linked
to frontal systems involved in working memory
(D’Esposito and Postle 2002).

These results are in contrast with previous
naturalistic stressor studies, which either did not
measure cortisol, but did find a decrease in working
memory (Klein and Boals 2001), or found a decrease
in cortisol, an increase in perception of stress, and no
change in working memory (Vedhara et al. 2002).
These results are also in contrast with the hydrocor-
tisone administration studies, which generally found a
decrement in working memory (Lupien et al. 1999;
Young et al. 1999; Wolf et al. 2001), although Lupien
et al. (1999) and Kuhlmann et al. (2005) did not find
an effect of stress on Digit Span, the task used in our
study. Furthermore, our results appear to be at odds
with the laboratory stressor studies, which found no
effect on Digit Span (Kuhlmann et al. 2005), a
decrement in Digits Forward, which measures the
storage component of working memory (Elzinga and
Roelofs 2005), and a decrement in the manipulation
component of working memory (al’Absi et al. 2002).

One strategy for resolving these seemingly inconsist-
ent findings is to consider the different levels of cortisol
increase that result from the three different approaches

Table II. Pearson product–moment correlations between percent change in Digit Span and percent change in stress measures across the two

sessions (n ¼ 48).

State anxiety
session change

Trait anxiety
session change

Perceived stress
session change

Salivary cortisol
session change

Digits Forward 0.21 0.17 0.18 0.05

Digits Backward 20.24 20.10 20.16 20.18

Note: none of the correlations are statistically significant.

Table III. Quadratic curve fitting R values between percent change in Digit Span and stress measures (n ¼ 48).

State anxiety Trait anxiety Perceived stress Salivary cortisol

Digits Forward 0.26 0.17 0.20 0.17

Digits Backward 0.24 0.17 0.14 0.17

Note: none of the R values are statistically significant.
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to stressmanipulation. Specifically, the hydrocortisone
administration approach leads to the highest percen-
tage increase in cortisol level, while laboratory stressors
lead to a moderate increase, and examination stressors
lead to a more modest increase. Furthermore, the
relationship between cortisol increase and perform-
ance may not follow a linear relationship. Indeed,
numerous studies have suggested an inverted U
relationship between stress and memory (Lupien and
McEwen 1997; Lupien and Lepage 2001). Indeed,
Lupien et al. (1999) reported such an inverted U
relationship between hydrocortisone dose andworking
memory such that impairment in workingmemorywas
found only at the highest dose of hydrocortisone. The
inverted U relationship between memory and stress is
reminiscent of Yerkes and Dodson’s (1908) seminal
paper describing optimal learning occurring at mod-
erate levels of motivation.

Additionally, the specific nature of the
relationship between stress and working memory
may be dependent on the component of working
memory assessed. Because glucocorticoid receptors
are in higher concentration in anterior cortical areas,
we might expect stress to have its greatest effect on the
manipulation or executive control component of
working memory (D’Esposito and Postle 2002).

Therefore, we might also expect that minor
increases in cortisol would be associated with
facilitation of the manipulation component of working
memory, as was found in our study. Large increases in
cortisol, which typically are found in hydrocortisone
administration studies, would be expected to be
associated with decrements in working memory, as has
been found in previous administration studies. Finally,
laboratory stressor studies, such as the TSST, which
have produced more moderate levels of cortisol
increases, might be expected to show no change in
working memory or as a group yield more inconsistent
results, depending on the level of increase in cortisol.

The failure to find a relationship between the stress
measures and working memory performance suggests
that there is not a direct relationship between the
increase in stress and working memory performance.
Generally, studies on stress and working memory have
not reported finding relationships between changes in
cortisol and corresponding changes in working
memory (Young et al. 1999; Vedhara et al. 2000;
Wolf et al. 2001; al’Absi et al. 2002; Kuhlmann et al.
2005). However, as previously noted, Lupien et al.
(2001) did find an inverted U relationship between
hydrocortisone dose and working memory perform-
ance. Elzinga and Roelofs (2005) also reported a
relationship between cortisol and working memory
such that increases in cortisol were negatively
associated with working memory performance
on Digit Span. Together, these findings leave
the mechanism between stress and working memory
unresolved.

Certainly, students preparing for examinations may
have experienced increases in functions other than
stress. Moreover, such responses may facilitate their
working memory performance compared to non-
examination periods. Moderate increases in arousal,
motivation, and attention have all been shown
to conform to the Yerkes–Dodson Law. For
instance, Nielson et al. (1996) investigated the
relationship between arousal and memory by varying
muscle tension, a function associated with catechol-
amine release (Nielson and Jenson 1994). They found
that moderate levels of arousal were associated with
peak memory performance. While cortisol is released
during prolonged and intensely stressful experiences,
catecholamines are released acutely and in response to
even mild or moderate stressful experiences (McEwen
and Sapolsky 1995). As a mild to moderate stressor,
examination stress may have effects on working
memory through catecholamines. While the inter-
actions between glucocorticoids and catecholamines
on working memory have received some attention
(Roozendaal et al. 2004), they are in need of further
investigation and empirical support.

It is, therefore, possible that the increase in Digits
Forward performance observed during the high
examination stress period may have been more
directly associated with increases in arousal, motiv-
ation, or attention. It is also possible that memory
practice while studying for examinations may have
facilitated working memory performance during the
examination stress session.

In conclusion, findings fromthepresent study suggest
that stressors experienced naturally may improve the
manipulation or executive control component of work-
ing memory. This effect may be due to the relatively
mild increase in stress measured using the examination
stress design. Together with the existing literature, these
findings suggest that there are amultitude of factors that
may influence the relationship between stress and
working memory. Chief among these are: glucocorti-
coid levels, catecholamine levels, and the component of
workingmemorymeasured. In addition gaining a better
understanding of how these factors, in addition to
arousal, attention, motivation, and memory practice,
interact will be essential for understanding the role of
stress on working memory.
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