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Abstract.
Background: Reductions in memory practice effects have gained interest as risk factor for future cognitive decline. Practice
effects vary with age and can be moderated by factors such as individual variability in arousal or stress experience acting as
an additional cognitive load.
Objective: In the current pilot study, we examined whether sympathetic nervous system activation moderates the relationship
between age and practice effects.
Methods: Thirty cognitively healthy individuals aged 40–70 years performed a mnemonic discrimination task twice. Salivary
alpha amylase (sAA) samples were obtained at different time points as a proxy of sympathetic activity. Spearman correlations
examined the relation between practice effects and sAA. Subsequently, age by sAA interactions on practice scores were
explored with bootstrapped linear regression models. Additionally, participants were divided in learners (exhibiting practice
effects) and non-learners based on the difference in mnemonic discrimination performance.
Results: Higher age and baseline SNS activity were independently related to lower practice effects. The non-learners showed
significantly higher sAA scores at all time points compared to learners. Among the learners, baseline-adjusted lower levels of
sAA after encoding were associated with greater practice effects, particularly in middle-aged individuals. No such interaction
was observed for non-learners.
Conclusion: These results show that higher baseline sympathetic activation is associated with worse practice effects inde-
pendently of age. Additionally, in a subgroup of middle-aged learners practice effects were observed when sympathetic
activity remained low during learning. These findings suggest that elevated sympathetic nervous system activation may be a
promising indicator of imminent cognitive decline.
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INTRODUCTION

Reductions in memory practice effects have gained
interest as risk factor for future cognitive decline [1,
2]. Practice effects are defined as improvement on a
test score due to repeated performance of a test [3,
4]. For a long time, practice effects were considered
a source of error in longitudinal data sets, but recently
attenuation of practice effects has been shown to hold
valuable information for future decline and could
indicate underlying neurodegenerative changes [1,
2, 5]. During aging, memory performance as well
as the functioning of our stress system deteriorate,
resulting in attenuated learning and altered stress
responses, respectively [6–14]. Even though practice
effects vary depending on frequency of testing, cogni-
tive domains, and individual characteristics, age has
a negative relationship with practice effects [3, 15].
Given that the stress system alters during aging, indi-
vidual stress vulnerability contributes to explaining
individual differences in cognitive trajectories [16,
17] and that stress experiences can act as an addi-
tional cognitive load [18], we set out to investigate
whether individual variability in sympathetic activity
moderates the relationship between age and practice
effects.

Practice effects are expected with repeated perfor-
mance of cognitive tasks [19, 20], especially between
the first and second trial, after which they often
plateau [15, 19, 21, 22]. Although the magnitude of
practice effects in older adults are smaller compared
to younger adults, cognitively intact older adults
commonly show practice effects at retesting [3].
Attenuated practice effects have been associated with
higher Alzheimer’s disease biomarker burden in cog-
nitively intact older adults and are further attenuated
or absent in people with mild cognitive impairment
or Alzheimer’s disease [1, 22, 23].

Experience of stress activates two major stress
systems: the autonomic nervous system (ANS) and
the hypothalamus-pituitary adrenal axis (HPA-axis).
The activation of these systems leads to the release
of stress hormones and neurotransmitters, includ-
ing noradrenaline from the sympathetic division of
the ANS [24]. Salivary alpha amylase (sAA) can
be considered a proxy for sympathetic nervous sys-
tem (SNS) activation [25, 26] and increases rapidly
in response to physiological as well as psychosocial
stress conditions [27–29]. Baseline SNS activity is
elevated in older individuals [30, 31]. Interestingly
the effect of sAA activity on memory perfor-
mance may be dependent on age. In younger adults

elevated noradrenaline levels measured with sAA
after encoding was related to better pattern separa-
tion performance [32]. In older adults, higher sAA
levels around learning were related to impaired recall,
while younger adults show improved recall [30, 33].
However, other studies have shown attenuated or
similar response of the SNS activity in older adults
when compared to younger adults [14, 31]. Animal
research suggests that the neural mechanism underly-
ing the effect of SNS activity on memory performance
could be related to increased excitability of the hip-
pocampus and amygdala in response to noradrenergic
activity [34, 35].

As previous studies indicated that memory perfor-
mance in young but not in older individuals improves
after activation of the noradrenergic system prior
to learning, we administered a well-validated object
mnemonic discrimination task [36, 37] that is sensi-
tive to subtle age-related memory changes, beginning
as early as in the fourth decade [38–40]. Furthermore,
previous work showed that increases in performance
on this task occur in concert with increases in sali-
vary alpha-amylase [32]. Thus, this experimental
paradigm allows us to examine whether activation of
the noradrenergic system facilitates practice effects
on a memory task, and whether this is dependent
on age in a sample of older individuals between the
ages of 40 to 75 years old. Ultimately, the findings of
this study can contribute to the development of mea-
surements to identify individuals at risk for cognitive
decline in the future.

METHODS

Participants

A total of thirty cognitively healthy individuals
between the ages of 40–75 years old were randomly
included from a larger study examining the effect of
age on pattern separation. All participants had to be
fluent in the Dutch language and able to give informed
consent. Exclusion criteria were presence of cogni-
tive deficits on neuropsychological screening (i.e.,
1.5 SD below norms for age, sex, and education),
current neurological or psychiatric diseases, neu-
roendocrine disorder, elevated blood pressure, use of
medication for psychoactive disorder or medication
that affects the stress system including blood pres-
sure medication, and alcohol or drug abuse. The study
was approved by the local Ethics Review Committee
Psychology and Neuroscience and written informed
consent was obtained from all participants in
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accordance to the Declaration of Helsinki (World
Medical Association, 2013).

This sample size was estimated with a power cal-
culation based on earlier findings by Segal et al. [32]
(n = 13, r = 0.75), indicated that at least 11 partici-
pants would be required (power = 0.95, alpha = 0.05)
to examine the effect of sAA levels on lure dis-
crimination performance. Given that this effect was
obtained within only the sAA responders (40% of the
sample), we applied a similar proportionality to our
calculation indicating that at least 28 subjects would
be required.

Procedure

Participants were invited to Maastricht University
and after obtaining informed consent they engaged in
extensive neuropsychological testing and performed
the first session of the mnemonic discrimination task.

Upon arrival at the university for their follow up
session, informed consent for this additional study
was obtained, and participants were asked to com-
plete several computerized questionnaires and a base-
line saliva sample was taken. Thereafter, participants
performed a challenging arithmetic task (Markus-
Peters Arithmetic (MPA) test) for 20 min. Upon
completion, the second salivary sample and Visual
Analogue Scales (VAS–scales) were acquired. Par-
ticipants then performed an analogue similar version
of the mnemonic discrimination task that was com-
parable in difficulty to the first test session. Two more
saliva samples and VAS scales were collected, after
learning and before retrieval of the mnemonic dis-
crimination task (see Fig. 1A for timeline). At the
end of the study, participants were debriefed about
the goal of the study to ensure no long-term worry
about their performance.

Measurements and tests

Neuropsychological test battery and
questionnaires

The current stress and mood levels of subjects were
measured via the Perceived Stress Scale [41] and
the Hamilton depression rating scale [42]. Changes
in subjective stress perception during the study
were obtained via repeated measurements of Visual
Analogue Scales (VAS). In addition, we collected
information about their personality profile by admin-
istering the NEO-PI neuroticism subscale [43] which
has been related to individual stress vulnerability
[44–47].

The stress task
During the Markus-Peters Arithmetic (MPA) test

[48], participants are asked to solve a number of men-
tal equations under a time-constraint of 60 s. Each
equation consists of three parts, starting with a diffi-
cult operation (e.g., 36 × 14), which is followed by
two easy operations (e.g., +2 and /2). Participants
have to keep the outcome of the first two opera-
tions in mind to answer the final outcome (in this
example 253) presented as a multiple-choice selec-
tion during the last operation. Participants complete
in total 20 successive 1 min trials. During the per-
formance of mental equations, participants listened
to industrial noise via headphones at 75 dB, 80 dB,
or 85 dB. The participants were led to believe that
they could manipulate the level of noise presented
to them if their task performance met a set criterion.
However, the criterion was calculated by taking the
average time per equation needed on previous trials,
and always adding one extra equation to this average.
If participants failed to meet this challenging crite-
rion always set above their ability in the previous trial,
the level of noise would be determined by the com-
puter. In earlier studies the MPA has been shown to
increase psychological and physiological stress [48,
49]. During the performance of the MPA, partici-
pants were video-recorded using a camera and told
that the videos would be compared with the videos
of their peers. As social evaluation has been proven
to enhance HPA axis activity [50]. To ensure a simi-
lar subjective experience of loudness of the noise via
headphones participants were asked to rate a sound
until it reached an eight in loudness on a scale from
1 to 10.

Memory mnemonic discrimination task
The mnemonic discrimination task consisted of

200 color photographs of everyday objects (see
Fig. 1B). This task has been validated to assess pat-
tern separation [36, 37]. During the encoding phase
the participants memorized everyday objects in a
quadrant location (150 items, for 2.5 s, ISI dura-
tion is 0.5 s). To ensure attention to the displayed
objects, participants are asked to make a decision
if they identify the object as an indoor or outdoor
object via a button press. During the 15 min rest
(termed consolidation) phase participants solved easy
word finding puzzles to decrease the likelihood that
they were rehearsing the learned lists. Subsequently
participants performed the recognition phase, which
consisted of 200 images. Participants had to indicate
if an object was “old”, i.e., an exact repetition of the
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Fig. 1. A) Procedure timeline showing the MPA-task followed by the mnemonic discrimination task. Serial measurements of subjective
stress (VAS) and physiologic (salivary samples) SNS levels are depicted above the timeline. B) Enlarged visualization of the mnemonic
discrimination task with both the. encoding (lower left side) and retrieval (lower right side) phases. The correct answers during the retrieval
stage are highlighted in green. VAS, visual analogue scale.

object seen during encoding, “similar”, i.e., a lure
object which is perceptually similar, but not identical
to an object seen during encoding, or “new”, thus not
presented during encoding (50 old items, 100 similar
items, and 50 new items; presented 2.5 s with and ISI
of 0.5 s). If they indicated the object to be “old” or
“similar” item, in a next step they had to indicate in
which quadrant the original item was shown during
encoding, to tax spatial source memory.

Pattern separation performance was assessed by
calculating a lure discrimination index (LDI) score.
LDI was calculated as the difference between the
rate of “similar” responses given to similar lures
minus “similar” responses given to the new items
(p(“Similar”|lure) – p(“Similar”|new)). This was
done to correct for response biases. A low LDI
score is indicative of poor pattern separation abilities.
Recognition performance was assessed by calculat-
ing (p(“Old”|old) – p(“old”|new)).

Salivary sampling and analysis
Alpha-amylase measures were obtained by acquir-

ing four saliva samples. Synthetic Salivette (Sarstedt,
Etten-Leur, The Netherlands) swabs were used to
collect saliva samples. Participants were instructed
to refrain from drinking coffee, tea, or other caf-
feinated drinks 4 h prior to participation and to not
eat or brush their teeth 1 h before participation. Upon
arrival, participants were asked to rinse their mouth
with water before the first sample was taken. All par-
ticipants were instructed to keep the Salivette in their
mouth for 2 min to acquire enough saliva for further
analysis. The saliva samples were stored at –20◦C
until analysis. After completion of data acquisition
all samples were analyzed in one batch for sAA at
the Kirschbaum lab Technical University, Dresden.
Concentration of sAA in saliva was measured by an
enzyme kinetic method: Saliva was processed on a
Genesis RSP8/150 liquid handling system (Tecan,
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Crailsheim, Germany). First, saliva was diluted 1:625
with double-distilled water by the liquid handling
system. Twenty microliters of diluted saliva and
standard were then transferred into standard transpar-
ent 96-well microplates (Roth, Karlsruhe, Germany).
Standard was prepared from “Calibrator f.a.s.” solu-
tion (Roche Diagnostics, Mannheim, Germany) with
concentrations of 326, 163, 81.5, 40.75, 20.38, 10.19,
and 5.01 U/l alpha-amylase, respectively, and bidest
water as zero standard. After that, 80 ml substrate
reagent (a-amylase EPS Sys; Roche Diagnostics,
Mannheim, Germany) were pipetted into each well
using a multichannel pipette. The microplate con-
taining sample and substrate was then warmed to
37◦C by incubation in a water bath for 90 s. Imme-
diately afterward, a first interference measurement
was obtained at a wavelength of 405 nm using
a standard ELISA reader (Anthos Labtech HT2,
Anthos, Krefeld, Germany). The plate was then
incubated for another 5 min at 37◦C in the water
bath, before a second measurement at 405 nm was
taken. Increases in absorbance were calculated for
unknowns and standards. Increases of absorbance of
diluted samples were transformed to alpha-amylase
concentrations using a linear regression calculated for
each microplate (Graphpad Prism 4.0c for MacOSX,
Graphpad Software, San Diego, CA). Taken from
Rohleder et al. [51].

Statistical analyses

All statistical analyses were done using R 3.5.2
[52] (http://www.R-project.org/). The median and
interquartile range (IQR) of the demographic, neu-
ropsychological characteristics, and SNS activity
measures of the participants are reported due to vio-
lations of normality. Listwise deletion was applied
to handle missing data. For one participant, the
LDI score could not be calculated due to technical
problems during the memory task on day one. For
four participants, the saliva samples at least one of
the saliva samples did not return enough saliva for
sAA analysis, these participants were therefore not
included in the analysis. For all multiple linear models
bootstrapping was done using the boot function from
the car package [53], using 1000 bootstrap samples,
resulting in a 95% confidence interval.

Age and LDI practice effects
Individual SNS reactivity as well as subjective

stress ratings were assessed by comparing saliva sAA
measures and VAS scores after the MPA task to

baseline with a Wilcox signed rank test. The rela-
tion between sAA levels and VAS scores and their
relation with lure discrimination performance during
session two or LDI difference scores were assessed
using a Spearman correlation coefficient.

Spearman correlation coefficients were used to
explore the relation between age and lure discrimi-
nation performance on session one, session two, and
the LDI difference score (LDI session 2 – LDI ses-
sion 1). A sensitivity analysis was performed with
age as dichotomous variable. A possible age by sAA
interaction on lure discrimination performance dur-
ing session two was examined with a multiple linear
model for sAA levels after MPA task (sAA2) and
sAA levels after encoding (sAA3) corrected for sAA
levels at baseline (sAA1) with the following models:

1. LDI score∼sAA1 + sAA2 + Age + sAA2:Age
2. LDI score∼sAA1 + sAA3 + Age + sAA3:Age.

Practice effects between the first and second
mnemonic discrimination task at group level were
tested with a paired Wilcoxon signed-rank test. The
main effects of sAA and age on lure discrimination
were tested for sAA1, sAA2 and sAA3 corrected for
sAA levels at baseline (sAA1) with the following
models:

3. LDI difference score∼sAA1 + Age
4. LDI difference score∼sAA1 + sAA2 + Age
5. LDI difference score∼sAA1 + sAA3 + Age

Subsequently a possible interaction effect between
sAA levels and age on LDI difference-scores was
evaluated with the following multiple linear regres-
sion models:

6. LDI difference score∼sAA1 + Age + sAA1:
Age

7. LDI difference score∼sAA1 + sAA2 + Age +
sAA2:Age

8. LDI difference score∼sAA1 + sAA3 + Age +
sAA3:Age

Learners versus non-learners
Individual changes in discrimination performance

between the first and second session is visualized
in Fig. 3A, and a difference-score was computed
between the two LDI scores. As post-hoc analyses
the LDI difference-score was used to divide the par-
ticipants into learners (who improved between first
and second test, n = 14) and non-learners (who did
not improve between first and second test, n = 11).
Wilcoxon rank sum test was used to test differences

http://www.R-project.org/
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Table 1
Characteristics of participants

Median [IQR]

n 30
Age (y) 56 [43.0, 68.75]
Sex (% female) 13, 43.3%
Education level 5 [4, 6]
MMSE (score) 29 [29, 30]
WLT (words) 48 [44.25, 50.75]
WLT delayed (words) 10 [9.0, 11.75]
LDST 90 (items) 52.5 [46, 58]
HDRS (score) 1 [0, 2]
Perceived Stress Scale (score) 8.5 [5.25, 11.75]
LDI no stress (score) 0.05 [–0.03, 0.14]
LDI stress (score) 0.08 [0.01, 0.14]
Recognition no stress (score) 0.52 [0.28, 0.68]
Recognition stress (score) 0.68 [0.57, 0.79]
SAA1 (U/ml) 146.18 [76.2, 320.3]
SAA2 (U/ml) 124.2 [69.1, 209.7]
SAA3 (U/ml) 110.1 [64.5, 153.9]
SAA4 (U/ml) 145.3 [77.9, 210.6].
VAS 1 (score) 5.00 [0.25, 11.50]
VAS 2 (score) 46.5 [23.25, 70.25]
VAS 3 (score) 12 [3.5, 22.75]
VAS 4 (score) 6.00 [1.0, 15.25]

IQR, interquartile range; MMSE, Mini-Mental State Exam; WLT,
word learning task; LDST, letter digit substitution task; HDRS,
Hamilton depression rating scale; LDI, lure discrimination index;
SAA, salivary alpha amylase, VAS, visual analog scale.

between both groups in continuous variables and sex
differences were investigated using chi-square test.

Spearman correlations between sAA levels and
LDI difference-scores were computed within learn-
ers as well as the non-learners. These correlations
were assessed for all sAA time points. Interactions
between sAA levels and age on LDI difference-scores
were examined repeating equation 7 and 8 within the
learning or non-learning group.

RESULTS

Demographic and descriptive statistics

A total of thirty healthy individuals participated
in the current study with a median age of 56 years
(IQR = [43, 68.75]), of which 43.3% was female
(Table 1). On the first mnemonic discrimination task
participants had a median LDI of 0.05 (IQR = [–0.03,
0.14]), on the second mnemonic discrimination task
the median LDI was 0.08 (IQR = [0.01, 0.14]). There
was no significant difference between the first and
second LDI score (Z = –1.2, p = 0.22, r = –0.24; Sup-
plementary Figure 1).

Age and LDI practice effects

The VAS score after the MPA task was significantly
elevated compared to the VAS-score at baseline for
the entire group (Z = 4.73, p < 0.001, r = –0.85). We
found a trend-level reduction in sAA (Z = –1.89,
p = 0.058, r = –0.35) levels for the moment after the
MPA task compared to baseline for the whole group.
We observed no correlation between the sAA mea-
sures and VAS-scores at any time point (range:
Rs = [–0.16, 0.25], p = [0.20, 0.98]). There were no
significant correlations between VAS-scores and LDI
scores (Supplementary Table 1). In the entire group,
higher baseline sAA levels correlated with worse
practice effects as measured with the LDI difference
score (Rs = –0.49, p = 0.01).

There was no significant relation between age and
LDI-scores on the first session (Rs = –0.15, p = 0.45;
Fig. 2A). Older individuals exhibited worse LDI-
scores on the second session (Rs = –0.50, p = 0.01;
Fig. 2B), as well as worse LDI difference-scores
(Rs = –0.42; p = 0.04; Fig. 2C), for results with age
as dichotomous variable see Supplementary Fig-
ure 2. We observed a significant main effect of
age (b = –0.004, t = –2.15, p = 0.04, Cohen’s f2 = 0.15,
BootstrappedCI = [–0.007, –0.001]) and baseline
sAA levels (b = –0.0003, t = –2.47, p = 0.02, Cohen’s
f2 = 0.22, BootstrappedCI = [–0.0005, –0.0001]) on
LDI difference scores. These results show that higher
age as well as higher baseline sAA levels are indepen-
dently related to lower LDI difference scores. There
were no significant interactions between age and sAA
levels on LDI difference scores at any time point
(range: b = [–0.000003, 0.00003], p = [ 0.25, 0.91]).

Learners versus non-learners

Visualization of the LDI scores over time revealed
a positive slope for 56% (n = 14, “learners”) of the
participants and a negative slope for the remaining
participants (n = 11, “non-learners”) (Fig. 3A). The
time between the performance of the first and sec-
ond memory mnemonic discrimination task had a
median of 14.5 days and an IQR of [8.0, 27.75],
with no significant difference between leaners and
non-learners (Z = –1.20, p = 0.36, r = –0.22). Demo-
graphic characteristics of the groups are described in
Table 2. The non-learners showed higher sAA scores
at all time points compared to learners. However, sub-
jective stress ratings were not different between the
groups for any of the time points (Table 2). Within
the groups of learners or non-learners, no significant
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Fig. 2. A) Spearman correlation between LDI score during session 1 and age (rs = –0.16). B) Spearman correlation between LDI score
during session 2 and age (rs = –0.50). C) Spearman correlation between LDI difference-score between session 1 and 2 and age (rs = –0.42).
The regression line estimated with a linear model.

Fig. 3. A) LDI scores over time plotted for non-leaners (red) and learners (blue). B) For learners, the interaction between age and SAA levels
after encoding, showed that in younger individuals, lower sAA levels after encoding were associated with higher practice effects, whereas
there was no relationship between sAA and practice effects in the older participants. C) For non-learners, no interaction was found between
age and SAA levels after encoding on practice effects. In B and C, sAA at baseline was added as covariate. Age as a continuous variable is
depicted in the figures with simple slopes representing the median of the middle aged (43 years old) and older adults (69 years old).

correlations were found between LDI difference-
score and the different sAA levels (Learners:
Rs = [–0.34, 0.13], p = [0.23, 0.96]; Non-Learners:
Rs = [–0.33, –0.06], p = [0.32, 0.85]).

Within the group of learners, we observed a sig-
nificant interaction between age and sAA levels after
encoding on LDI difference scores while controlling
for sAA baseline levels (b = 0.02, t = 4.35, p = 0.0019,
Cohen’s f2 = 0.47, BootstrappedCI = [0.004, 0.04];
Fig. 3B). No such interaction was observed
for the non-learners (b = 0.0009, t = 0.56, p = 0.6,
Cohen’s f2 = 0.04, BootstrappedCI = [–0.009, 0.02];
Fig. 3C). The sAA levels after MPA task did
not return a significant interaction with age for
either learners (b = 0.00005, t = 1.5, p = 0.17, Cohen’s
f2 = 0.09, BootstrappedCI = [–0.0005, 0.00001]) or
non-learners (b = 2.56e–06, t = 0.39, p = 0.7, Cohen’s
f2 = 0.02, BootstrappedCI = [–0.00007, 0.00002]. For

results with age group as dichotomous variable see
Supplementary Figure 3.

DISCUSSION

In the current pilot study, we examined the rela-
tion between age and practice effects and how
this is modified by individual sympathetic nervous
system reactivity. Previous studies demonstrated
that activation of the sympathetic system, as mea-
sured with salivary alpha-amylase—a proxy for
norepinephrine—is associated with better perfor-
mance on a memory tasks in younger individuals.
In the current study, we took a novel approach by
exploring practice effects, which can be more sensi-
tive to subtle cognitive deficits. Our results show that
higher age as well as higher baseline SNS activity
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Table 2
Characteristics non learners versus learners

Non-learners Learners Z (r)

Median [IQR] Median [IQR]
n 11 14 -
Age (y) 64 [48, 69.5] 55 [42.25, 67] –1.18 (–0.24)
Sex (% female) 45.5% 35.7%
Education (level) 5 [4, 5.5] 5 [4, 6] –0.45 (–0.09)
MMSE (score) 29 [28,29] 29.5 [29,30] –2.0 (–0.40)
WLT (words) 48 [43.5, 49.5] 48.5 [45, 50.75] –0.47 (–0.09)
WLT delayed (words) 11 [9.5, 11.5] 10 [8.5, 11.75] –0.28 (–0.06)
LDST 90 (items) 48 [45.5, 54.5] 56 [46.75, 59.50] –1.34 (–0.27)
HDRS (score) 1 [0, 2] 0 [0, 1] –1.05 (–0.21)
Perceived Stress (score) 8 [6, 11.5] 6 [3.50, 9.75] –1.32 (–0.26)
SAA1 (U/ml) 321.93 [214.3, 384.18] 121.25 [70.32, 164.74] –2.79 (–0.56)∗∗
SAA2 (U/ml) 247.25 [116.69, 327.08] 87.85 [60.98, 153.58] –2.49 (–0.50)∗
SAA3 (U/ml) 199.84 [116.26, 233.26] 91.56 [63.07, 111.27] –2.61 (–0.52)∗∗
SAA4 (U/ml) 185.01 [148.03, 248.08] 98.75 [59.68, 148.88] –2.61 (–0.52)∗∗
VAS1(score) 6.0 [1.5, 12.5] 2.0 [0.0, 10.25] –1.05 (–0.21)
VAS2 (score) 56.0 [21.5, 72.0] 33.5 [22.0, 68.0] –0.33 (–0.07)
VAS3 (score) 8.0 [4.5, 21.0] 8.50 [0.75, 17.50] –0.52 (–0.10)
VAS4 (score) 2.0 [1.0, 6.5] 6.00 [0.25, 15.00] –0.39 (–0.08)
LDI no stress (score) 0.08 [0.04, 0.16] –0.01 [–0.03, 0.07] –1.53 (–0.31)
LDI stress (score) 0.02 [–0.03, 0.07] 0.11 [0.05, 0.24] –1.69 (–0.34)
Recognition no stress (score) 0.46 [0.20, 0.59] 0.64 [0.34, 0.75] –1.34 (–0.27)
Recognition stress (score) 0.62 [0.55, 0.77] 0.73 [0.64, 0.82] –1.32 (–0.26)
Nr of days 9.0 [6.5, 24] 20 [9.0, 38.5] –0.69 (–0.14)

Group differences was tested with the Wilcoxon rank sum test. ∗p < 0.05; ∗∗p < 0.01. MMSE, Mini-Mental State Exam; WLT, word learning
task; LDST, letter digit substitution task; HDRS, Hamilton Depression Rating Scale; SAA, salivary alpha amylase, VAS, visual analog scale,
LDI, lure discrimination index.

are related to lower LDI practice scores. Additionally,
non-learners exhibited elevated sAA levels compared
to the learners on all time points, possibly indica-
tive of a perpetual physiological hyperactive SNS
in the non-learners. These findings, while prelimi-
nary, suggest that hyperactivation of the SNS may be
a promising factor as an early marker of imminent
cognitive decline.

Consistent with other studies, we showed a nega-
tive relation between age and LDI practice effects [3,
15]. We extended these observations by showing that
higher baseline SNS activity predicts independently
of age lower practice effects. Higher baseline SNS
activity may thus be a factor contributing to individual
variability in cognitive performance [17, 54]. Further-
more, the fact that non-learners exhibited elevated
sAA levels compared to the learners on all time points
is indicative of a perpetual physiological hyperactive
SNS in the non-learners. Interestingly, non-learners
did not report higher subjective stress experiences
compared to learners, suggesting that the elevated
sAA levels are predominantly physiologic in nature
and not related to an increased subjective feeling of
stress or a heightened anticipatory stress response
toward participation. These observations may sig-
nify the importance of SNS activity as predictor of

cognitive decline. In particular, the locus coeruleus
(LC), the major source of noradrenaline in the brain,
is one of the earliest regions accumulating hyper-
phosphorylated tau [55], and higher LC integrity
in older adults has been related to more proficient
memory functioning [56]. Prior studies also demon-
strated that higher noradrenaline activity was related
to lower cognitive functioning in healthy older indi-
viduals [54] and patients with Alzheimer’s disease
[57–60].

We did not find an interaction between age and
SNS activity on practice effects in the entire group.
However, further exploration revealed that predomi-
nantly the middle-aged learners benefited from lower
sAA levels as reflected in their higher practice effects.
Given the small sample size, we need to be cautious
in interpreting possible subgroup patterns, but we
speculate that in learners the magnitude of learning
is modified by age and variability in SNS activa-
tion. This relation could possibly mimic the canonical
Yerkes-Dodson relationship, and that the shape or
width of these curves may be altered by age, indi-
vidual variability in the state of the SNS system
or accumulation of brain pathology. For example,
younger learners with lower sAA levels are perform-
ing well because they are located at the top of their
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inverted U-curve [61]. In contrast, the younger learn-
ers with higher sAA levels demonstrate lower practice
scores, as their sAA levels have surpassed the optimal
peak. For older learners, we did not see an effect of
sAA on performance, consistent with previous work
[33]. We also like to note that the range of sAA was
higher in non-learners as compared to learners, fur-
ther exemplifying the nonlinear relationship between
SNS activity and learning. Future studies in larger
groups with more observations over time in combi-
nation with the use of biomarker data are warranted
to substantiate this hypothesis. This will allow for
measurement of intra-individual variability in SNS
activity as one contributing factor to the observed
variability in practice effects while using a similar
a paradigm.

Our study has several limitations that are worth
noting. The sample size of the study was relatively
small, but we succeeded in detecting relatively large
effects allowing us to better generalize our results to
the population. Additionally, we did not collect saliva
samples during the first part of the study and there-
fore we cannot explore the relation between sAA and
subjective stress on lure discrimination performance
during session one or confirm that the higher baseline
sAA levels were also present during the first part of
the study. Including a control group could further help
disentangle the effect of SNS activation on practice
effects, as sAA levels immediately after the arith-
metic task were not related to memory performance.
Furthermore, there are some limitations to interpret-
ing findings of sAA as a measure of sympathetic
system activation, as sAA might be a reflection of
both sympathetic and parasympathetic activity [62].
An important factor is the parasympathetic stimula-
tion of salivary flow rate, which can possibly bias sAA
secretion. The influence of flow rate on sAA secre-
tion might be dependent on the research condition.
However, the effect of salivary flow rate under stress-
ful conditions on sAA output is most likely small
[51]. Consistent with previous work showing a lack
in practice effects on lure discrimination tasks, we
observed no significant changes in LDI scores at a
group-level [63, 64]. However, individual variability
in LDI scores over time was related to baseline sAA
levels, indicating that individual factors can result in
different cognitive profiles. Finally, practice scores
in our study were determined over two test sessions
which makes it vulnerable to measurement errors.
Therefore, future research into practice effects could
benefit from psychometric characterization of prac-
tice scores, ideally over more than two observations

per person. The mechanism relating elevated SNS
activation to attenuated practice effects needs to be
further explored by collecting biochemical, imaging,
and cognitive assessments.

In conclusion, this pilot study demonstrated that
elevated baseline SNS activity independently of
age was related to worse practice effects on a
well-established mnemonic discrimination task. In
a subgroup of learners, learning was predominantly
observed in middle-aged individuals with lower
SNS activity. Learning subsequently decreased under
higher SNS activity. These findings suggest that
hyperactivation of the SNS may hold promise as one
potential factor to further explain individual variabil-
ity in practice scores and possibly as indicator of
imminent cognitive decline. More research on the
interactions between the variability in SNS activation,
age, and practice effects in cognition is warranted
especially in the context of markers of neurodegener-
ative disorders, given the relevance for early detection
of cognitive decline and possibly improving partic-
ipant selection to clinical trials aimed at preventing
dementia.
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