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Abstract

While running a selection procedure, 27 male Belgian Special Forces candidates, with a mean age of 27.4 years (SD = 5.1),
were randomly assigned to a no-stress control (z = 14) or a high-intensity stress group (z = 13). Participants in the latter
group were exposed to an extremely strenuous mock prisoner of war (POW) exercise. Immediately after stress or control
treatment, working memory and visuo-spatial declarative memory performances were measured by the digit span (DS) test
and the Rey—Osterrieth complex figure (ROCF), respectively. Concurrently, stress levels were assessed by obtaining salivary
cortisol measurements and subjectively by the NASA Task Load Index (TLX). As expected, exposure to high-intensity stress
led to both robust cortisol increases and significant differences in TLX scores. Stress induction also significantly impaired DS
and ROCF performances. Moreover, delta cortisol increases and ROCF performance in the POW stress group showed a
significant negative correlation, while DS performances followed the same tendency. Summarizing, the current findings
complement and extend previous work on hormonal stress effects, and the subsequent performance deterioration on two
memory tests in a unique high-intensity stress environment.
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Introduction multiple, highly standardized neuropsychological

. . . . . measures.
Trial Registration: Dutch Trial Register NTR 1518 « ”
o . . The phenomenon “stress” has been referred to as a
Empirical research on intense, real-life, and

. . reaction to tangible or mentally evoked threats to
uncontrollable stress is scarce (Dickerson and

i } o the bodily homeostasis (Levine 2005), and is
Kemeny 2004). While practical and/or ethical issues  gnown to trigger a number of psychophysiological

commonly restrict stress research, ongoing special  reactions. Many of these are related to the stress-
forces (SF) selection programs provide ideal venues responsive hypothalamic—pituitary—adrenal (HPA)
for this type of research in healthy humans. Past axis. Although its exact mechanisms are not yet entirely
research on military populations has provided  clear, the HPA axis seems to respond to stress according
to a dose-response relationship (Joéls et al. 2006;
Kudielka et al. 2009). Glucocorticoid (GC) regulation
reduced performance in diverse outcome measures (prln?ary cortisol ' humans) ‘s a pro'tectlvc? HPA
reaction that mobilizes energy for coping with the
(Morgan et al. 2000, 2001, 2002, 2004, 2006). stressor. Increased GC secretion also shuts down the
However, to the authors’ knowledge, stress hormones initial fight or flight response of the sympathetic nervous
after intense, real-life, and uncontrollable stress have and immune systems to prevent them from overshooting
never been linked to memory deficits assessed with and damaging vital bodily functions (Munck 2000).

consistent evidence that psychological stress elicits
robust endocrinological alterations, and leads to
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Ample research has demonstrated that, besides
providing protection, the secretion of GCs modulates
learning and memory. Although the precise direction
is still somewhat ill-understood, both animal studies
(McGauch and Roozendaal 2002; Roozendaal et al.
2006; Touma et al. 2008) and human research
(Het et al. 2005; Smeets et al. 2008; Wolf 2009)
indicate that GC secretion during acute stressful
events may have facilitating as well as disruptive effects
on cognitive performance. These dual effects have led
to suggestions of an inverted U-curve to characterize
the relationship between learning and GC secretion
(Abercrombie et al. 2003; Andreano and Cahill 2006).
Animal research, primarily in rodents, attributes this
relationship essentially to divergent corticosteroid
affinities of mineralocorticoid receptors (MRs; with a
high affinity for cortisol) and glucocorticoid receptors
(GRs; with a significantly lower affinity for cortisol) in
the brain (McEwen and Sapolsky 1995). While
memory facilitation seems to occur when MRs are
fully and GRs only partially occupied, it is only when
GRs become fully saturated that a decline in learning
is observed (Abercrombie et al. 2003).

GC effects have been frequently linked to declara-
tive memory, involving the amygdala, the hippo-
campus, and associated brain regions (Joéls et al.
2006; Shin et al 2006; Wolf 2009). Recent findings,
however, demonstrate that stress not only affects
declarative memory, but also influences working
memory (WM; Oei et al. 2006; Schoofs et al. 2008,
2009). Brain areas involved in WM functioning are
considered to be, although not completely without
controversy (Andres 2003), in general prefrontal and
parietal brain structures (Lezak et al. 2004; Miiller and
Knight 2006). A meta-analysis on brain imaging
studies by Cabeza and Nyberg (2000) revealed that
WM is almost always associated with increased
activity in the prefrontal cortex (PFC). More
specifically, the left dorsolateral PFC is activated for
verbal WM tests and the right for spatial WM. Recent
functional magnetic resonance imaging (fMRI)
research confirmed these findings, as acute stress,
elicited by viewing extremely violent movie clips,
reduced the WM-related dorsolateral PFC activity
and reallocated neural resources away from executive
function networks (Qin et al. 2009).

The influences of moderate stress levels on cognitive
functioning have been extensively researched under
laboratory conditions (Dickerson and Kemeny 2004;
Chida and Hamer 2008). However, a meta-analysis by
Dickerson and Kemeny (2004, p. 359) found that the
endogenously evoked right-hand side of the inverted
U-curve, including the effects of realistic high-
intensity stress on memory performance, “[...] has
been remarkably scarcely investigated in empirical
research.”. Prior research mostly applied exogenously
administered cortisol or sought indirect clinical evi-
dence from cortisol-related disorders (such as Cushing’s

disease) to investigate the right-hand side of the inverted
U-curve (Mauri et al. 1993; Starkman et al. 2001).

An important exception is the work by Morgan and
colleagues. In a decade of research examining the impact
of intense stress in special military populations,
Morgan et al. (2000) found strong (serum and salivary)
cortisol concentration increases in extremely stressful
military exercises. Follow-up studies, under similar
circumstances, extended these findings and found
potent stimulation of secretion of several hormones
(plasma cortisol, catecholamines, and neuropeptide Y),
as well as evidence of dissociation and relationships with
diminished (military) performance (Morgan et al. 2001,
2002, 2004). In more recent work, Morgan et al. (2006)
examined the effects of acute stress during US Army
“Survival, Evasion, Resistance, and Escape” (SERE
1985) training. Interestingly, the authors included the
Rey—Osterrieth complex figure (ROCF; Knight and
Kaplan 2003), a renowned test for WM and visuo-
spatial abilities, and showed that SERE training yielded
dissociative symptoms as well as significant deficits in
cognitive performance.

The current study

Cognative capacity is generally assessed through
tasks that require participants to store and process
increasing amounts of information until the point at
which recall errors are made (Lezak et al. 2004;
Alloway 2006). For the current study, standardiz-
ation and scientific validity were, evidently, the most
important test prerequisites. Next, the ease of
administration had to promote uniformity and
experimental control in field conditions. Finally,
the sensitive SF environment obliged the research
team to introduce tests with a high face validity, of a
short duration, and that could be visually adminis-
tered—given the Belgian bilingualism. The digit span
(DS) test (representing map coordinates or radio
frequencies) for WM (Wechsler 1987; Lezak et al.
2004) and the ROCF (simulating memorization
and reporting of an unknown target), as a test for
visuo-spatial capacity within the declarative memory
(Knight and Kaplan 2003; Shin et al. 2006), were
chosen because they addressed all constraints
mentioned above.

Although an extensive elaboration on the method of
stress induction exceeds the scope of this article, a
brief description is warranted to appreciate the data.
The experiment was embedded within the assessment
center phase of the Belgian SF selection procedure
that consisted of a series of pre-designed physically,
mentally, and cognitively demanding SF job samples
(Schmidt et al. 2006). One of the job samples was an
individually executed combined exercise (CombEx)
that contained the main ingredients of a relatively
brief, albeit intense SF mission. More specifically,
CombEx simulated a mock prisoner of war (POW)
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situation. The exercise started with a brusque capture
that unexpectedly interrupted a bogus facade exercise.
Conceptually, CombEx has similarities with the SERE
(1985) program and incorporates related British
experiences. Irrespective of the similarities, CombEx
was developed to exploit complete unexpectedness
and uncontrollability to assess candidates’ shock
resistance, resilience, and subsequent capacity for
reengagement (e.g. the physical, mental, and cognitive
ability to restart a mission under extremely stressful
circumstances). Since the HPA axis is known to be
particularly sensitive to unpredictability and uncontroll-
ability (Dickerson and Kemeny 2004), the set-
up provided an excellent opportunity to examine how
high-intensity stress affects regulation of cortisol
secretion and cognitive performance in healthy humans.

Given that (1) the effects of stress, particularly those
of high-intensity stress on memory and learning, have
received little empirical attention (Dickerson and
Kemeny 2004), (2) traditional laboratory stressors are
not known to elicit the neurobiological and cognitive
alterations that stress in extreme military training
situations has provoked (e.g. Morgan et al. 2000,
2001, 2006), and (3) memory capacity under high
naturalistic stress loads has been largely neglected in
the literature, the current field experiment was framed
within an extremely strenuous phase of a SF selection
program. Consistent with the dose-response theorem
(Het et al. 2005; Joéls et al. 2006), robust cortisol
increases were expected for the high-intensity stress
(vs. no-stress control) group. Given that, under the
conditions used, endogenously instigated stimulation
of a high level of cortisol secretion was assumed to
have the potential to fully saturate GRs in the PFC
(Abercrombie et al. 2003), a significant decline in both
WM and visuo-spatial declarative memory performance
under high-intensity stress was hypothesized.

Methods
Parncipants

Participants were 27 healthy, physically fit males with
normal body mass index. Ages ranged from 21 to 37
years (M = 27.4 yrs, SD = 5.1). All were active duty
Belgian Armed Forces who volunteered as SF
candidates. Participants were preliminarily medically
tested (e.g. for cardiovascular deficiencies), and on
location they were assessed for endocrine disorders
and the use of medication. Given reported use of
medication, data from one participant were excluded
from further analyses.

Measures and materials

Saliva sampling and cortisol analyses. Salivary cortisol
samples were collected by cotton roll devices
(Salivette®; Sarstedt, Etten-Leur, The Netherlands)
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and stored at —20°C immediately after collection.
Subsequently, the samples were thawed, numbered,
and centrifuged at 3000 rpm, 4°C for 5min at the
Dresdner Technical University LabServices. Salivary
free cortisol was analyzed using a commercial
chemiluminescence immunoassay (IBLL. Hamburg,
Germany). Samples from same subjects were analyzed
in a single run to reduce error variance. Inter- and intra-
assay coefficients of variation were below 10%.

Task load index. Subjective allostatic task (over)load
was measured as a proxy of stress by the NASA Task
Load Index (TLX) (Hart and Staveland 1988). The
TLX is a multidimensional rating scale, designed to
obtain estimates from participants while performing a
task or shortly afterward. TLX combines information
about the magnitude of six task load-related subscales;
mental demands, physical demands, time demands,
own performance, effort, and frustration. The scale
has been extensively applied in research and is
considered a highly sensitive assessment technique
(Rubio et al. 2004). Total scores were obtained by
summing raw scores of the six subscales, presented as
Likert scales ranging from 0 to 20. High scores
represented high stress levels.

Digital span test. The DS paradigm has been linked to
performance on intelligence tests and problem solving
(Sternberg 2003), and is often used as a free-standing
performance measure in WM research (Axelrod et al.
2006). A computerized version of the standard digital
span (DS) test was used as a measure of WM
(Wechsler 1987). Testing procedures were consistent
with the digits forward (DF) and digits backward
(DB) paradigm. Participants were presented with 4—9
digits for immediate recall (one by one, at a rate of one
per second). As prescribed for healthy participants
(Lezak et al. 2004), total scores were obtained by
combining forward and backward component scores.

Rey—Osterrieth complex figure. The ROCF is one of the
most widely used neuropsychological tests for the
evaluation of non-verbal learning, planning, and WM.
In the immediate recall paradigm, the figure permits
the assessment of visuo-spatial abilities within
declarative memory (Knight and Kaplan 2003; Shin
et al. 2006). A computerized version of the ROCF was
presented in black-on-white for 45 s and with a size-
on-screen of 12X8 cm, according to the intentional,
single trial, immediate recall protocol (Knight 2003a).
Considering that low variability of the ROCF
copy scores has been reported in healthy subjects
(Shin et al. 2006), the copy phase was excluded to
avoid ceiling effects. Participants subsequently had
3min for immediate recall. The ROCF was scored
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double-blind, applying the Denman scoring system
(DnSS). DnSS was chosen for its explicit focus on
learning and memory capacities, elaborate narrative
scoring definitions, increased individual point ceiling
(maximal score = 72 points), and high inter-scorer
reliability (Knight 2003a).

Control measures. The degree to which the HPA axis is
activated during stressful events can show
considerable individual variation depending upon
character issues and life history (Kudielka et al.
2009). In the CombEx situation, two control
measures for individual differences were thought to
be of interest. First, the impact of event scale-revised
(IES-R) (Weiss and Marmar 1997) measured the
impact of formerly experienced traumatic stress.
The IES-R is probably the most widely used
self-report measure in the field of traumatic stress
impact and potential risk of post-traumatic stress
disorder (PTSD). The scale was chosen for its
psychometric qualities as well as for its sensitivity to
detect lower symptom levels (Creamer et al. 2003).
The 22 items of the IES-R encompass three subscales
(intrusions, hyperarousal, and avoidance) that parallel
the DSM-IV criteria for PTSD. Participants were
instructed to complete the scale while recalling the
event in their lives that had most impact. High scores
represented high impact of formerly experienced
traumas. Answering possibilities ranged from 0
(not at all) to 4 (extremely). The scale’s internal
consistency (Cronbach’s a) was 0.96 (Creamer et al.
2003).

Second, personality hardiness (PH) was measured
as a cognitive style that is of importance to inherently
stressful environments since it conceptualizes the
individual’s capacity to cope with stress (Maddi
2007). PH is characterized by perceptions on three
sub-dimensions: commitment, control, and challenge
(Maddi et al. 2006). Higher levels of PH have been
shown to provide a natural advantage and are
associated with increased outcome performance in
both civilian and military stress research, notably with
SF candidates (Eid and Morgan 2006; Bartone et al.
2008). PH was assessed by the revised 15-item
dispositional resilience scale (DRS15-R), a cross-
culturally improved version of the DRSI15. High
scores represented a hardy PH style. Answering
possibilities ranged from 0 (not at all true) to 4
(completely true) with an internal consistency
(Cronbach’s a) of 0.82 (Bartone 2007).

Procedure

Registration and testing protocols were submitted to
the Dutch Trial Register (NTR 1518) and approved
by the standing ethics committee of the Open
University, The Netherlands.

Screenming and preparation. Participants voluntarily
engaged in the official SF selection process.
Approximately 1 month prior to the selection phase,
all received a thorough medical screening that
required the most stringent medical profile within
the Belgian Armed Forces, including tests for
hormonal and cardiovascular deficiencies. Next,
candidates had to pass a psychological test battery
that included the Neuroticism, Extraversion, and
Openness Personality Inventory-Revised (NEO PI-R;
Costa and McCrae 1992) and the generalized
cognitive test battery, a standard Belgian Armed
Forces cognitive ability test (Irvine 2006).
The remaining candidates were invited into the SF
selection week and signed a written informed consent
at entry. Next, candidates were instructed to remove
all external identification marks (grades, brevets, and
identity tags) and received a chest number to
maximize selection objectivity. Candidates then
enrolled in the assessment center phase. In the
course of the first day, they collectively completed
the IES-R and DRS15-R scales, and orally
reconfirmed their informed consent during a semi-
structured intake interview.

Experimental procedure. Participants were randomly
assigned to the no-stress control group (z = 14) or the
stress group (n = 13) for a between-subjects field
experiment. Participants were tested individually and,
to control for circadian cortisol rhythms, all tests fell
between 19.00 and 22.00 h. Participants were deprived
of food, drinks, smoking, and heavy physical exercise at
least 90 min prior to the cortisol measurements. They
were not deprived of sleep the night before and all
performed exactly the same daytime activities.
Participants were intentionally kept unaware of the
selection program. Shortly after the cortisol baseline
(Cy) measurement, those assigned to the no-stress
control condition ran a 60 min non-intensive filler task
(completing administration and a non-stressful
weapon handling task), while the stress group was
exposed to the 60 min CombEx. Behind the fagade of
a bogus non-stressful activity, the latter were
brusquely captured and physically constrained
(10 min, transportation included), confined
(30 min), and subjected to a concise mock POW
interrogation (15 min). Transportation toward the
cognitive test battery and test instructions took about
5 min. Individual timings were meticulously registered
and all fell within the 60 = 5 min interval.
Computer-administered testing procedures were
identical for both conditions. Two cortisol samples
were collected during the memory tests, one at onset
(Cy at Ty) and one 15min later (C, at T + 15).
The time point for the start of the memory tests and,
concurrently, the first cortisol measurement, 60 min
after the start and about 15min after termination
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of CombEx, was based on previous findings that
indicated that these periods coincide with robust
increases of stress hormones (Dickerson and Kemeny
2004; Joéls et al. 2006; Morgan et al. 2006). After
CombEx, participants were instructed to reflect on
their respective stress phases and to complete the
TLX. Finally, all passed an obligatory clinical
debriefing. Figure 1 shows the experimental set-
up for both test conditions.

Startistical analyses

The effect of high-intensity stress (TLX) was analyzed
by an independent sample z-test (two tailed) and
cortisol concentrations were analyzed with a mixed
model analysis of variance (ANOVA) with Time (C,
Cy, C,) as repeated measure factor and Group (no-
stress control vs. stress) as between-group factor.
Greenhouse—Geisser corrected p-values are reported
when appropriate. Next, for each participant individ-
ual peak cortisol responses (AC) were computed. AC
was defined as: AC = Cpeax — Co, and analyzed by
two-tailed independent samples z-tests. For two
participants in the no-stress control group, AC could
not be calculated due to missing data. An additional
area under curve (AUC) computation, with respect to
cortisol concentration increase (AUC] cor; Preussner
et al. 2003), was performed as a single measure of the
total cortisol response. Potential differences in
AUC| corr were investigated using a two-tailed
independent z-test. Memory performance on both
the DS and the ROCEF tests were analyzed by separate
two-tailed independent samples z-tests (no-stress
control vs. stress). As an indication of the DnSS’s
inter-rater reliability, a post hoc Pearson correlation of
0.97 was found between the immediate (for selection
purposes) and the experimental double-blind ROCF
scores. IES-R and PH were analyzed by separate two-
tailed independent samples z-tests. For all tests, alpha
was set at 0.05.

No-stressfiller tasks
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Results

There was no difference between IES-R [(Mo_stress =
9.79, SE =2.52); (Mgiress = 12.38, SE =1.72);
(2(25) = —0.84; p=10.41) and PH [(Mposiress =
36.21, SE =0.80); (Mgyess = 35.30, SE =0.73);
(z(25) = 0.83; p=0.41)] scores. Although there
were no maximum scores on the PH measure, all
participants scored above the 85th percentile. Cortisol
data were log transformed (L.n) due to excessive
skewness. Unless explicitly indicated, all further
cortisol-related analyses were conducted with log-
transformed data. Salivary cortisol pre-stress concen-
trations (C,) did not differ between no-stress control
and stress groups [2(25) = 0.36; p = 0.72] (Figure 2).

After stress induction, the z-test on TLX
scores yielded a significant difference between the
no-stress control (M = 9.86, SE = 1.28) and stress
(M =58.62, SE=2.59) groups [z(17.6) = —16.9;
p < 0.001]. Noteworthy differences between both
groups for the physical and time demands TLX-
subscales were non-significant. This signaled the
exclusive mental-psychological nature of the stress
exposure. The 2 (Group; no-stress, stress) X 3 (Time;
Co, Cy, C,) mixed model ANOVA also yielded a
significant Group X Time interaction effect [Wilks’
A=0.28, F(2,24) =30.99; p<0.001, partial
n?=0.72], a significant effect of Time [Wilks’
A=0.43, F(2,24)=15.82; p<0.001, partial
1? = 0.57], and a significant main between subjects
effect of Group [F(2,24) = 50.32; p < 0.001, partial
17> = 0.69]. Post hoc tests revealed no differences
between the cortisol concentrations for the no-stress
control group over time. In the stress group,
however, salivary cortisol concentrations showed
significant differences between C, and both C;
(Mpifterence = —21.16, SE =2.70, p < 0.001) and
Cz (MDifference - _2474, SE = 3.16, p < 0.001),
while C; and C, did not differ significantly from
each other (p = 0.07). The results of these analyses
are shown in Figure 2. For information purposes only,

-or- " =
POW stress induction 5 3 &
° o=
o —~ ~ = 5 ) 2 ."'éj % 3
§ - = = g 8 8 g o 5 °
T3 3 By 5% F3
N & £ F =
()
—Hr —r
I I L I I I [ >
T-75 T-60 T-50 T-20 T-5 T T+15 3hr later
1 1 1 (approx.)
Co C C

Figure 1. Experimental time frame (minutes) for both groups (no-stress vs. stress), including: baseline saliva sampling (Cy at T — 75), filler
tasks or POW stress induction (Phases I-III), test instructions, performance tests (DS test and ROCF), cortisol saliva sampling (C; at Tand C,
at T + 15), completion of NASA TLX, and clinical debriefing. Timings are in minutes, unless stated otherwise.

RIGHTS LI MN Kiy



Stress Downloaded from informahealthcare.com by University of Maastricht on 06/10/10
For personal use only

328 F. Taverniers et al.

601 [ .. High responders
—=a— High-intensity stress
50 { | ---a--- Low responders
—— No-stress
3 40
IS
£
3
£ 30 A
8
>
&
2 20 -
&
10 A1
0

Cco C1 C2

Figure 2. Salivary cortisol concentrations (means = SEM) for the
no-stress control (z = 14) and the stress group (= 13) (C, at
T-75min, C; at T, and C, at T + 15min). Exclusively for
information purposes, the figure includes differences in mean
salivary cortisol increment for high (z=6) vs. low cortisol
responders (n = 7) in the stress group (cut-off by median split).

Figure 2 represents differences in mean salivary
cortisol increment in the stress group for high vs.
low cortisol responders, cut-off by median split (after
Smeets et al. 2006a). Due to the restricted number of
participants in the stress group, differences between
high vs. low cortisol responders were not included in
further analyses.

The Pearson correlation between subjective (TLX)
and objective (increases in salivary cortisol concen-
trations, AC) stress indicators was statistically signifi-
cant, r(25)=0.89, p < 0.01. AC also differed
significantly between groups in the independent
samples z-test [z(25) = —10.17; p < 0.001], with
untransformed means of —0.81 nmol/l (SE = 0.59)
for the no-stress and 27.01 nmol/l (SE = 4.39) for the
stress group. For the stress group, mean salivary
cortisol increases of over 600% were observed. As
expected, individual differences in cortisol responses
were high, with a maximum increase of over 11-fold.
Similarly, the no-stress control and the stress
group differed significantly in terms of AUC; cort
[2(25) = —9.96; p < 0.001].

Mean DS scores of no-stress control and stress
groups differed significantly [2(25) = 2.20; p = 0.038]
(Figure 3(a)). Specifically, mean performance scores
for these groups in the DB paradigm (M = 5.64,
SE =0.51 vs. M =4.08, SE=0.45) also differed
significantly [z(25) = 2.30; p = 0.03], while mean
scores for the DF paradigm (M = 5.71, SE = 0.64
vs. M =4.07, SE=0.61) were (marginally) not
significantly different [2(25) = 1.84; p = 0.078]. Simi-
larly, mean ROCF scores of the no-stress control and
stress [z(25) = 2.83; p = 0.009] groups differed

@ 1 — T

o)
1

Digit span test

N
1

T
No-stress Stress
Group

(b) 60 -

40 -

Rey—Osterrieth complex figure

0L

No-stress Stress
Group

Figure 3. Representation of the mean performance scores
(xSEM) for the no-stress control (z = 14) and the stress
group (n = 13) on the memory performance tasks; the DS test for
WM (a) and the ROCEF for visuo-spatial declarative memory (b).
In (a) and (b) the No-stress and Stress group means are significantly
different from each other (p < 0.05, p < 0.01).

significantly (Figure 3(b)). Within the stress group,
correlation analyses addressed the relation-
ship between AC, DS, and ROCEF scores, respectively.
AC and ROCEF scores were found to be significantly
correlated, r(13) = — 0.78, p = 0.01; thus, confirming
the expected relationships, while AC and DS data
showed only a tendency [#(13) = —0.48, p = 0.09].
Follow-up analyses using distribution-free rank cor-
relations confirmed these findings between AC
and ROCF scores [Kendall’s 7-b: r(13) = —0.59,
p = 0.01; Spearman’s p: r(13) = —0.79, p = 0.01],
and between AC and DS scores [Kendall’s 7-b:
r(13) = —0.47, p = 0.05; Spearman’s p:
r(13) = —0.61, p = 0.05]. Comparably, ROCF but
not DS performance correlated negatively with
AUC o within the stress group [r(13) = —0.67,
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p =0.01 and r(13) = —0.42, p = 0.15, respectively].
Follow-up analyses using distribution-free rank cor-
relations showed significance for the relation between
AUC corr and DS scores [Kendall’s mb&: r(13) =
—0.39, p=0.07; Spearman’s p: r(13) = —0.51,
p = 0.08], and between AUC| o and ROCEF scores
[Kendall’s 7-b6: r(13) = —0.56, p = 0.01; Spearman’s
p: r(13) = —0.75, p = 0.01].

To illustrate the differences in visuo-spatial declara-
tive memory between the groups, Figures 4(a) (no
stress control group) and (b) (stress group) show
representative examples of ROCF performance. An
original version of the ROCF can be consulted in
Knight and Kaplan (2003). While all participants
performed within the expected, standardized ranges
for healthy persons (Knight 2003b), the differences in
performance under high-intensity stress seem clear.

Discussion

The current field experiment aimed to improve insight
into the dynamics of endogenously instigated regu-
lation of high levels of cortisol, and to measure its
possible effects on WM and visuo-spatial declarative
memory performance. As expected, robust increases

(a)

Figure 4. Two representative performance examples of the ROCF
for the no-stress control (a) vs. the stress (b) group. While the
original ROCEF strongly resembles Figure 4(a), a full view of the
original ROCF can be consulted in Knight and Kaplan (2003)
(The handbook of ROCF usage: Chinical and research applications.
Psychological Assessment Resources, Inc., Lutz, FL, USA).
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in salivary cortisol concentrations were observed in the
stress group. The results further indicated that both
groups performed within acceptable ranges for both
performances tests (Sternberg 2003; Knight 2003b).
In identical test conditions, however, exposure to
high-intensity stress led to a significant decrease in
performance in both the DS test and ROCF. Whereas
laboratory studies have generally shown low corre-
lations between self-reported stress and cortisol
measures (Dickerson and Kemeny 2004), exposure
to high-intensity stress yielded significant correlations,
first, between self-reported and salivary cortisol stress
measures, and, second, between cortisol increase and
performance outcomes.

Cortisol regulation

As expected, high-intensity stress provoked robust
increases in salivary cortisol concentration, which
largely exceeded those evoked by traditional labora-
tory stressors (Het et al. 2005). Mean cortisol rises of
over 600%, with a maximum of over 11-fold were
observed. These findings contribute to the HPA axis
dose—response theorem in a realistic and unconven-
tional process of stress induction. The current study
has obvious contextual similarities with the work of
Morgan and colleagues (2000, 2001, 2002, 2004,
2006). Conversion form Systeme International to
conventional units revealed that the salivary cortisol
concentrations were relatively well in line with
hormonal data of Morgan et al. (2000, 2001, 2002).
The latter measured cortisol, and other psychophy-
siological markers, in comparable circumstances, and
registered similar or slightly more elevated mean
cortisol increases, dependent upon the specific
stressor and the investigated population. Apart from
the work of Morgan et al., there are, to the authors’
knowledge, no other reports of comparable methods
of stress induction.

Robust increases of salivary cortisol are also
consistent with the notion that novelty, unexpected-
ness, and genuine uncontrollability create larger
effects (Dickerson and Kemeny 2004). Moreover,
the selection context and the omnipresent threat of
negative evaluation (Dickerson et al. 2008) most likely
added to the overall stress effect; failure in the
CombEx would substantially impede participants’
progress to the personal goals they had singled out.
On the other hand, a similar evaluation threat was
present for both groups given that there was no
attitudinal difference in approach by the evaluators.
Hence, it can be reasonably expected that deviations
in salivary cortisol concentrations due to a different
evaluative threat perception can be excluded.

Finally, objective (salivary cortisol increase) and
subjective (TLX self-reports) stress measures corre-
lated significantly. This finding is contradictory to
results from laboratory studies that have generally
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shown low correlations between self-reports of
experienced stress and cortisol measures (Dickerson
and Kemeny 2004). It is, however, unsure whether
this correlation can be explained by the shock effect,
the realism, the uncontrollability (except under
condition of jeopardizing the entire selection phase),
or the salience of the situation for the participants. Yet
another explanation might be that, in contrast to
previous studies that used subjective stress measures
that were more general in nature (e.g. overall mood
questionnaires), the TLX is a more sensitive
subjective measure for this particular high-intensity
stress situation. Future research could unravel the
respective roles of the different stressors and address
the sensitivity of the TLX.

Learning and memory

Exposure to high-intensity stress led to a significant
decrease in both memory outcomes. These results are
in line with other studies that applied the DS test as a
performance measure for WM. There are, however,
some controversies concerning the DS test, more
specifically on the inclusion of the DF paradigm.
Some researchers formulated a priori reservations in
regard to the DF’s sensitivity as a measure,
particularly for healthy young adults (Banken 1985;
Smeets et al. 2006b; Unsworth and Engle 2007;
Schoofs et al. 2008, 2009). Here, the standardized DS
test (Wechsler 1987) proved to be sensitive enough to
produce significant results for combined DF-DB
scores. This result accords well with Lezak et al.’s
(2004) recommendation to treat both paradigms as if
they measure the same or highly correlated behaviors
in normal control subjects. However, it must be
highlighted that, even under the current study’s stress
conditions, there are indications of a reduced
sensitivity of the DF paradigm in healthy young adults
(Schoofs et al. 2009).

The stress-induced decrease in ROCF recall scores
indicates a significant impairment of visuo-spatial
declarative memory capacities (Shin et al. 2006). In
relation to the overall ROCF immediate recall scores,
this result is well in line with the quantitative results of
Morgan et al. (2006) who measured ROCF perform-
ance in a SERE (1985) context'. Interestingly, the
differences in ROCF results found in the current study
were essentially quantitative, as all participants
managed to incorporate the broad gestalr overview of
the figure but failed to accurately process specific
ROCF details (note that the results are not completely
comparable, given that Morgan et al. included a copy
phase in their ROCF application). Morgan et al.
(2006) reported organizational deficits and piecemeal
drawing strategies during the copy phase of their stress
group, and found significant negative correlations
between symptoms of dissociation and memory
performance. A possible explanation for these

deviating results could be that the population of the
current study reported no or very little previously
experienced trauma, while an important subset of the
earlier study had encountered “war zone experiences”
or “life-threatening events”. Previously experienced
trauma is known to have a pervasive influence
during subsequent stressful events on GC regulation,
and cognitive performance (Yehuda et al. 2001;
Kudielka et al. 2009). A second explanation could be
that, given CombEx’s much shorter time frame
(vs. SERE), no dissociations were evoked (three
previous CombEx applications never signaled any sign
of dissociations). Interestingly, observations during
task completion and inquiries after the clinical
debriefing revealed that nearly all participants per-
formed some form of mental “repetition” or “seeing”
of the running digits or ROCF; thus, giving support to
Baddeley’s (2002) suggested WM model, incorporat-
ing a phonological loop and visuo-spatial sketch pad.

The decline of memory performance on the right-
hand side of the inverted U-curve, between learning
and GC secretion, has been attributed to divergent
corticosteroid affinities of MRs (with a high affinity for
cortisol) and GRs (with a significantly lower affinity
for cortisol) in the brain (McEwen and Sapolsky 1995;
De Kloet et al. 1999). Accordingly, it is assumed that
the high-intensity stress fully saturated GRs, which led
to the decrease in WM performance. This assumption
is in line with observations that the PFC plays an
important role in WM functioning (e.g. Cabeza and
Nyberg 2000), and that acute stress reallocates
neural resources away from executive brain networks
(Qin et al. 2009). Evidence from animal and human
research confirmed the presence of high concen-
trations of GRs in the PFC (Perlman et al. 2007;
Patel et al. 2008), which could influence higher order
cognitive functions via elevated levels of cortisol
(possibly combined with supra-optimal levels of
catecholamines; Qin et al. 2009). In relation to the
visuo-spatial declarative memory performance, it is
assumed that the amygdala, the hippocampus, and
associated brain regions (Joéls et al. 2006; Shin et al.
2006; Wolf 2009) were affected by excessive cortisol
concentrations. The finding that participants scored
well within the expected ranges can be explained by
their overall hardy cognitive style—all scored above
the 85th percentile on the PH control measure,
combined with the absence of past traumatic experi-
ences. High scores on PH are known to improve
individual’s capacity to cope with stressful events and
enable them to perform better under stressful circum-
stances (Maddi 2007).

The current findings may have practical implications
that exceed the narrow scope of operational SF
applications. First, appropriate cognitive functioning
in extreme, non-routine circumstances is vital in the
many so-called high reliability professions that are
characterized by high demands and fatal outcomes
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in case of failure (Flin 2001). Fire fighters, emergency
medics, police officers, pilots, and civilian disaster
relief workers may encounter extreme, non-routine
circumstances that require the best knowledge
available to warrant their appropriate cognitive
functioning (Bartone et al. 2008). On the other hand,
it must be noted that because of the stringent inclusion
criteria for Belgian SF operators, the current results,
although indicative, cannot be automatically general-
ized to situations in which randomly chosen lay people
experience a sudden traumatic experience. Second, the
findings can have direct practical implications for
selection procedures that aim at the early identification
of individuals with increased risk for cognitive decline or
who lack inherent coping abilities to reengage under
stress; for designers of interfaces that enable operators
to split attention when extreme levels of allostatic load
can be reasonably anticipated (Wickens et al. 2004;
Yuan et al. 2006); for inoculation training or iz vivo
habituation to repeated gradual stress exposures
(Meichenbaum 2007); and for cognitive-behavioral
interventions to improve coping abilities, and regulate
cortisol modulation (Hammerfald et al. 2006).

This study, evidently, has limitations. First, its
conclusions are restricted to the right-hand side of the
inverted U-curve between stress and memory, which
makes comparisons with moderate stress levels
difficult. Next, it would be both desirable and
informative to add performance tasks with repeated
exposures of learning materials. In line with Lezak et al.
(2004, p. 465), it is thought that this would upgrade
the study’s findings to a more sophisticated level of
cognition, “[...] permit emergence of a learning
curve.”, and transcend the level of memory functioning
to effective learning. Also, replications on larger and
more heterogeneous (e.g. gender diversification)
samples are necessary. The restricted sample size,
however, is thought to be inherent to the strenuousness
of the application, which is mirrored by the limited
influx of Belgian SF candidates (with, so far, no female
candidates). Follow-up research should address these
constraints, for example, through application of
counterbalanced within-subjects designs, improved
learning materials, and more balanced male—female
samples. Also, the issue concerning the reduced
sensitivity of the DF paradigm in healthy young adults
needs further attention. Despite these limitations, the
current field experiment’s major strengths lay in the
assessment of two standardized neuropsychological
outcome measures in an inimitable, though well-
controlled real-world setting. It is thought that these
strengths support the study’s ecological validity and the
conclusions that can be drawn from it.

Acknowledgements

The authors would like to express their sincere gratitude
to the research team (Wouter Huybens, Ilse Provoost,

High-intensity stress and memory 331

Olivier Serniclaes, and Maarten Wendelen) for their
valued assistance; to Jef Syroit, Susan van Hooren, and
three anonymous experts for their appreciated com-
ments on an earlier version of this article; and to the
Belgian military authorities for their permission to
conduct the research.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.

Note

TMorgan et al. (2006) applied the Taylor scoring system (TSS).
For comparison purposes, as a (rough) guide, the TSS and the
DnSS relate to each other as: TSS = 2/3 X DnSS. This relationship,
however, is only indicative, given the deviating design approaches of
both scoring systems (see Knight 2003a). Interested researchers are
cordially invited to contact the first author to request copies of the
current actual ROCF outcomes.
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