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Chapter 1

Introduction
Ageing-induced episodic memory decline:
Can it be stopped?

Before taking cognitive ageing into
further discussion, it is necessary to
mention the large heterogeneity among
cognitive functions of the elderly
population (Christensen, Anstey, Leach,
& Mackinnon, 2008; Stern, 2009; Stern,
2002; Whalley, Deary, Appleton, & Starr,
2004). More specifically, some older
adults exhibit severe cognitive decline
while others are able to maintain a high
level of functioning (Christensen et al.,
1999; Wilson et al., 2002). However, this
variability has so far been mostly ignored
in ageing studies. Researchers tend to
treat older adults as a homogeneous group
and describe the differences under the
heading of “old” versus “young”, despite
the fact that one of the most essential
keys to understanding cognitive ageing
is to investigate why some individuals
can maintain relatively high cognitive
functions even at an old age, while some
cannot. In other words, it is essential to
investigate individual differences among
older adults.
Executive functioning: One of the sources
and causes of episodic memory decline

One particular class of cognitive processes
shows significant variability, namely
executive functions. Executive functions
refer to the high-level cognitive skills
one uses in controlling and coordinating
other cognitive abilities and behaviours.
Executive functioning (hereafter termed
EF) is a multi-component construct
that includes a wide range of different
cognitive processes involved in inhibiting
task-irrelevant information, manipulating
information in working memory,
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When we talk about older adults, the
word “forgetful” may be one of the first
that comes to our mind. You may not be
surprised when your grandmother called
you with your cousin’s name or your
grandfather forgot that you prefer to drink
coffee without milk. These phenomena
are all associated with the term: ageingassociated cognitive decline.
It has been well documented that changes
in cognitive functions accompany the
normal ageing process. Although some
cognitive abilities stay unaffected by
ageing and perhaps even improve over
time, such as vocabulary or semantic
memory, more often studies report that
cognitive functions such as processing
speed, executive functioning, episodic
memory, and conceptual reasoning decline
gradually with age (Harada, Natelson
Love, & Triebel, 2013; Salthouse, 2009).
The “forgetful” tag of older adults can
be traced back to the decline of episodic
memory, which reflects the processes of
encoding, reinstatement, and retrieval
of everyday information (the “what,
where and when” of our past). There is
an urge to understand episodic memory
in relation to ageing because, first, it can
affect every individual’s daily life, second,
it can have a large impact on society
due to the global ageing trend that is
happening at this moment in almost every
country of the planet, and third, only by
truly understanding the phenomenon
can we develop effective interventions to
counteract the effect.

Heterogeneity in cognitive ageing:
Every person is unique

switching between tasks, and planning
(Baddeley, 1996; Miyake et al., 2000).
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Patient studies frequently suggest that EF
is located in the prefrontal cortex, although
in general the relationship between EF
and “frontal lobe functioning” may not
be simply one-to-one (Alvarez & Emory,
2006; Duncan, Johnson, Swale, & Freer,
1997). Age-related declines in cognitive
performance have been associated with
volumetric and neurotransmitter changes
in the prefrontal cortex and the striatum
(Hedden & Gabrieli, 2004; Resnick,
Pham, Kraut, Zonderman, & Davatzikos,
2003; West, 1996). The EF- decline
hypothesis has been one of the main
theories in explaining cognitive ageing
(Albert,& Kaplan, 1980; Daigneault,
Braün, & Whitaker, 1992; Velanova,
Lustig, Jacoby, & Buckner, 2006).
According to this hypothesis, EF decline
is a hallmark of cognitive ageing in general
and of ageing-induced episodic memory
decline in particular. EF is necessary for
keeping information available online,
which later can be either encoded in, or
retrieved from, episodic memory (Daselaar
& Cabeza, 2013). Because of EF decline,
older adults have greater difficulties with
ongoing experimental tasks. Hence, less
memory traces can be formed during the
memory encoding phase.
Embedding memory aids in ongoing task:
Would they work?

Since the frontal ageing theory states that
older adults show difficulties in forming
memory traces, one way of eliminating the
ageing effect in episodic memory may be
to embed implicit or explicit instructions
as aids, which we would call it ‘embedded
aids’ from now on, in ongoing memory

encoding task. One way in which this
could be achieved is by encouraging
engagement of cognitive resources in
aspects of information processing that
could help in forming deeper memory
traces. In fact, in the field of episodic
memory, two factors have been addressed
that could affect memory performance.
The first one is the level of processing. As
described by Craik and Lockhart (Craik
& Lockhart, 1972), memory is a function
of depth of mental processing. Deep
(e.g., semantic) processing - for instance,
process relates to semantic meanings of
words - leads to more elaborate, longlasting and durable memory traces, in
comparison to shallow (e.g., phonemic,
orthographic) processing, such as when
participants are asked to make judgment
based on front type of words. Hence,
to improve episodic memory of older
adults who are known to have difficulty
in voluntarily binding elements to form
memory traces (memory binding deficit,
Daselaar & Cabeza, 2013; Old & NavehBenjamin, 2008), one could simply
instruct older adults to involve deep
(semantic) processing.
Unlike the effect of the level of processing,
which has been well established (see,
e.g. Craik, 2002 for a review), more
empirical studies are needed to confirm
the effect of the second factor, the effect
of task demand or cognitive effort. The
theoretical framework has been addressed
(Mitchell & Hunt, 1989) and it is well
reasoned that to improve older adults’
memory performance, one could simply
increase task demands. That is, such an
increase would trigger more cognitive
effort towards the ongoing task. However,
surprisingly, until now strong empirical

evidence for this hypothesis is lacking.
Accordingly, the first aim of this thesis
is to investigate the effect of cognitive
effort and level-of-processing on episodic
memory in younger and older adults.

differences and suggests that older adults
with relatively low cognitive abilities
would reach the critical threshold earlier
compared to those with relatively higher
capacities.

Compensation and plasticity in old age:
What does CRUNCH say?

Neuroactivities associated with successful
memory: The E/R flip and the MAR

With the development of neuroimaging
techniques, cognitive processes in the
human brain are no longer ‘mysterious
entities’ within the proverbial black box.
For example, the tool of fMRI (functional
magnetic resonance imaging) allows us to
measure brain activity that is associated
with a particular mental process. The past
decade has seen a shift from localizing brain
areas related to a certain cognitive process
to scrutinize the collaboration between
different brain areas with or without the
presentation of cognitive tasks (Bullmore
& Sporns, 2009; Bressler & Menon,
2010). In the case of episodic memory,
which represents a cognitive function
with a high complexity, researchers agree
that it involves multiple brain areas (e.g.,
hippocampal-cortical interaction) to
cooperate at the same time to enable the
successful formation of memory traces
(Alvarez & Squire, 1994; Moscovitch et
al., 2005). Moreover, it is important to
note that memory encoding and retrieval
are strongly interdependent and should
not be investigated in isolation (Rugg,
Johnson, Park, & Uncapher, 2008).
This being the case, the “encoding/
retrieval flip” or E/R flip, representing
neural activities underlying successful
memory performance, was firstly
observed and summarized by Daselaar
(2009). It states that certain brain
regions, including the posterior midline
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For several decades, it has been assumed
that the ageing brain is static and
vulnerable to progressive deterioration
of neural tissue, resulting in cognitive
ageing. However, in the last decade, it
has been discovered that neuroplasticity
is maintained to a large degree even in
the ageing brain (Hubener & Bonhoeffer,
2014; van Dinteren, 2016). Promisingly,
evidence from neuroimaging studies
demonstrates that the fully developed
brain can efficiently allocate its resources
to reach an optimal performance. More
importantly for present purposes,
older adults can compensate for
insufficient resources by recruiting more
neuroactivities (Park & Reuter-Lorenz,
2010). However, this compensatory
mechanism has its limitations. As
summarized by the CompensationRelated Utilization of Neural Circuits
Hypothesis (CRUNCH; Reuter-Lorenz
& Campbell, 2008), the extent to which
the brain is able to compensate is restricted
by its own cognitive capacity. It has been
demonstrated in working memory studies
that compensation fails as indicated by
decreasing activation in relevant brain
areas, beyond a critical threshold, namely
when the cognitive load required by the
task demand has surpassed one’s capacity,
(e.g., Reuter-Lorenz & Lustig, 2005;
Schneider-Garces et al., 2010; Vermeij
et al., 2017). The CRUNCH model
emphasizes the importance of individual

region (PMR) and ventral parietal cortex
(VPC), are deactivated during successful
episodic memory encoding and activated
during successful memory retrieval. This
finding challenges the traditional model
(the “memory as reinstatement” or MAR
model), which proposes that successful
memory performance depends on
reactivation of parts of the neural patterns
or networks involved in encoding the same
information (Alvarez & Squire, 1994;
Davachi & Danker, 2013). Both the E/R
flip and the MAR can be seen as the magic
in the black box to make memory happen.
They can be applied as neural marks for
successful memory performance and tools
to compare individual differences in
memory processing.
The debate on the effectiveness of
cognitive training: be careful of CRUNCH
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Cognitive training, especially workingmemory (WM) training, has attained
considerable popularity in recent decades
as a means to promote plasticity in the
aging brain and consequently reduce
the negative effects of cognitive ageing.
However, findings from empirical studies
on WM training with elderly subjects,
and even on cognitive training generally,
were shown to be contradictory and have
evoked many debates. Although most
researchers support the idea that WM
training can improve performance on
the trained task, the evidence remains
mixed as to the claim that benefits of
such training can transfer to non-trained
cognitive tasks and domains. Some
studies showed (moderately) positive
evidence for such transfer benefits (e.g.,
Au et al., 2015; Karbach & Verhaeghen,
2014; Klingberg, 2010; Morrison &
Chein, 2011; Shah et al., 2017), whereas

others showed less positive results (e.g.,
Dahlin, Nyberg, Bäckman, & Stigsdotter
Neely, 2008; Melby-Lervåg & Hulme,
2013; Melby-Lervåg, Redick, & Hulme,
2016; Owen et al., 2010; Sandberg,
Rönnlund, Nyberg, & Stigsdotter Neely,
2013; Sprenger et al., 2013; Thompson et
al., 2013).
Like traditional ageing research assuming
older adults to be a homogenous group
and drawing conclusions based on the
comparison between old and young
adults, most intervention studies so far
ignored individual differences among
older adults. Especially when taking the
CRUNCH model into consideration,
individual differences in older adults’
EF might be one of the main reasons
for such conflicting results. Especially
when using adaptive training regimes
that are commonly applied in training
studies, in which participants are forced
to continually adapt to increasing task
demands, one could hypothesise to find
less or even a performance decrease in
training and transfer effects once the
individual’s maximum capacity level has
been reached. The CRUNCH model
calls for an evaluation of the individual’s
capacity before training and to constantly
monitor performance during the training.
Aim of the thesis

Taken together, this thesis aims to
examine the influence of individual
differences in EF on approaches that
could alleviate ageing-associated episodic
memory decline. The main focus lies on
the approach of using embedded aids
(i.e., promoting implicit and explicit
semantic processing) within ongoing
encoding tasks. In sum, the first empirical

study validates the effectiveness of this
approach. The second study evaluates
the role of individual differences in EF
on its effectiveness. The third study
uses the fMRI technique to identify the
neural activities associated with the effect
of individual differences. The fourth
study aims to confirm the possible effect
of CRUNCH in cognitive training
studies and to draw further attention to
individual differences in intervention
studies in cognitive ageing.
Outline of the thesis

After this general introduction, Chapter
2 describes an empirical study that
investigated the effect of level-ofprocessing and cognitive effort. Results
proved that the combination of these
embedded aids (effortful deep processing)
in ongoing encoding tasks can eliminate
ageing effects on episodic memory. Due to
the considerable variability in EF among
older adults, and the hypothesis that
compensation mechanisms (CRUNCH)
dependent on EF, the second study

assessed who could benefit the most
from the embedded aids in the ongoing
memory encoding task. Results supported
the CRUNCH model and showed that
older adults with relatively high EF
could benefit the most (Chapter 3).
Furthermore, to understand the underling
neural basis associated with this individual
difference in EF, an fMRI study was done
to examine whether the activity associated
with successful memory (the E/R flip) can
be successfully predicted by older adults’
EF (Chapter 4). In the final empirical
study, we examined individual differences
in EF in the context of a cognitive
training approach. Older adults with low
EF showed a behavioural CRUNCH
in a complex training task, which
highlights the importance of employing
differentiated training procedures when
targeting different ageing groups (Chapter
5). The last chapter summarizes the main
findings and implications of the empirical
studies and provides future directions
(Chapter 6).
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CHAPTER 2

Effortful semantic decision-making boosts memory
performance in older adults

This chapter is based on:
Fu, L., Maes, J.H., Varma, S., Kessels, R.P., & Daselaar, S.M. (2017). Effortful semantic
decision-making boosts memory performance in older adults. Memory, 25(4), 544-549.
doi:10.1080/09658211.2016.1193204

Abstract
A major concern in age-related cognitive decline is episodic memory (EM). Previous
studies indicate that both resource and binding deficits contribute to EM decline.
Environmental support by task manipulations encouraging stronger cognitive effort
and deeper levels of processing may facilitate compensation for these two deficits.
To clarify factors that can counteract age-related EM decline, we assessed effects of
cognitive effort (4 levels) and level of processing (LoP, shallow/deep) during encoding
on subsequent retrieval. Young (YAs, N=23) and older (OAs, N=23) adults performed
two incidental encoding tasks, deep/semantic and shallow/perceptual. Cognitive effort
was manipulated by varying decision-making demands. EM performance, indexed by
d-prime, was later tested using a recognition task. Results showed that regardless of LoP,
increased cognitive effort caused higher d-primes in both age groups. Compared to YAs,
OAs showed a lower d-prime after shallow encoding across all cognitive effort levels,
and after deep encoding with low cognitive effort. Deep encoding with higher levels
of cognitive effort completely eliminated these age differences. Our findings support
an environmental-compensatory account of cognitive ageing and can have important
therapeutic implications.
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Introduction

Resource Deficits and Cognitive Effort

According to the resource deficit
hypothesis (Craik & Byrd, 1982), agerelated cognitive deficits, including
EM decline, are the result of a general
impairment in attentional resources
resulting in ineffective cognitive
processing. Consequently, OAs are less
able than their younger counterparts to

self-initiate appropriate mental operations
(Craik & Rose, 2012). It predicts that
age-related decline of EM should be
reduced when the task provides greater
environmental support (e.g. strategies
given by instruction), resulting in a more
efficient usage of attentional resources
during memory encoding. Several
studies have shown enhancements in EM
performance when memory encoding
is scaffolded by an increase in cognitive
effort (Ellis, Thomas, & Rodriguez,
1984; Jacoby et al., 1979; Tyler, Hertel,
McCallum, & Ellis, 1979), particularly
in individuals with limited resources
and inefficient processing capacity, such
as patients suffering from depression
(Ellis et al., 1984; Hertel, Benbow, &
Geraerts, 2012). Although the theoretical
framework has been addressed (Mitchell
& Hunt, 1989), so far it has not been
examined whether OAs’ EM performance
could benefit from increasing encoding
effort.
Existing research on effects of cognitive
effort in YAs has three important
limitations. First, most studies used
secondary tasks (e.g. simple/choice
reaction time task) to assess cognitive
effort (Griffith, 1976; Tyler et al., 1979),
which involves the methodological issues
related to dual-task paradigms (Green &
Vaid, 1986); Second, they often employed
different types of material to manipulate
variation in difficulty (McDaniel, Einstein,
Dunay, & Cobb, 1986; Tyler et al., 1979).
The different nature and processing of the
materials might confound measurements
of effort (McDaniel, Einstein, & Lollis,
1988). Third, they generally ignored the
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Given the impact of the increase in
longevity on retirement age, optimal
cognitive performance is increasingly
important for older adults (OAs).
Consequently, it is essential to develop
and investigate interventions aimed to
ameliorate age-related cognitive decline.
One of the major age-related deficits
concerns a decline in episodic memory
(EM): the encoding, storage, and retrieval
of personally-experienced past events
(Daselaar & Cabeza, 2008). Evidence
from both behavioural and neuroimaging
studies hypothesize age-related EM
deficits in resources (i.e., reduced
processing capacity and efficiency) and
memory binding (i.e., difficulty in making
associations spontaneously) (Daselaar &
Cabeza, 2013; Old & Naveh-Benjamin,
2008; Tromp, Dufour, Lithfous, Pebayle,
& Després, 2015; van Geldorp, Parra,
& Kessels, 2015). Factors that might
support compensatory mechanisms
for these deficits have been suggested,
including higher cognitive effort (Jacoby,
Craik, & Begg, 1979) and deeper level
of processing (LoP) (Cermak & Craik,
2014). This study aimed at investigating
the effect of these two factors, especially
their combined effect, in eliminating agerelated EM deficits of OAs.

fact that cognitive effort/task difficulty
is a subject-specific factor---the same
task can be difficult for one participant,
but not for the other (Pashler, 1998).
Here, we manipulated cognitive effort
during encoding by varying difficulty of
decision-making which can be assessed by
measuring variations in each individuals’
reaction times (RTs). Accordingly, trials
with shorter RTs are perceived as low on
cognitive effort, whereas those with longer
RTs are considered high on cognitive
effort (Craik & Tulving, 1975; McDaniel
et al., 1986; Tyler et al., 1979). Under
high cognitive effort conditions, we
expect a large benefit on EM in OAs by
inducing greater allocation of attentional
resources to the study items, which may
neutralize existing resource deficits.
Binding Deficits and Level of Processing
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The binding-deficit hypothesis postulates
that age-related memory deficits are the
result of difficulties in binding features
that constitute a coherent representation
of episodic memory (Naveh-Benjamin,
2000). Neuroimaging studies attribute
these deficits to age-related reductions
in medial-temporal-lobe activity during
episodic memory encoding tasks
(Daselaar, Fleck, Dobbins, Madden,
& Cabeza, 2006; Daselaar, Veltman,
Rombouts, Raaijmakers, & Jonker,
2003; Gutchess et al., 2005). The deep/
semantic encoding task employed in these
studies was specifically designed to invoke
semantic associations related to the study
items, thereby forming durable memory
traces.
According to the Level of Processing
framework (Craik & Lockhart, 1972;

Craik, 2002), deep encoding concerns
semantic analyses of the stimuli,
associated with more elaborate, longerlasting, and stronger memory traces
than shallow encoding. The latter utilizes
superficial analyses regarding physical
or sensory features such as lines, angles,
brightness, pitch, or loudness. It has been
reported that deep/semantic, relative to
shallow/perceptual, processing of study
items improves memory performance in
both YAs and OAs (Sauzeon, N’Kaoua,
Lespinet, Guillem, & Claverie, 2000;
Simon, 1979). Here, we included LoP as
a factor as well, to find out to what extent
it can compensate for age-related EM
decline.
Although both cognitive effort and LoP
have been well studied in the past 40 years
(Craik & Byrd, 1982; Craik & Tulving,
1975), the current study combined
cognitive effort and LoP to assess their
effect and especially their interaction
in supporting compensation for agerelated EM deficits. Two incidental
encoding tasks were used to manipulate
LoP, a deep encoding task based on
semantic relatedness between words, and
a shallow encoding task based on their
size. Cognitive effort was introduced by
modulating decision-making demands in
both encoding tasks. Here, we propose
the Environmental-Compensation view,
which states that OAs benefit most when
environmental support is greatest and
targeted to compensate their cognitive
deficits. In this study, we expected OAs’
EM performance to be as good as the YAs’
in conditions combining environmental
support from both LoP and Cognitive
effort manipulations.

Methods
Participants

Twenty-three OAs (Mean age = 65.52
years, SD = 5.01; 9 females; recruited by
advertisements in local newspapers) and
23 YAs (Mean age = 22.41 years, SD =
2.74; 14 females; recruited from Radboud
University) participated in this study. All
participants were highly educated (college
or higher), native Dutch speakers who
presented no history of neurological or
psychiatric illnesses. OAs were included
in the study only when they scored

higher than 27 on the Mini Mental State
Examination (MMSE, Folstein, Folstein,
& McHugh, 1975) (M = 29.83, SD
= 0.39, range: 29-30). All participants
signed an informed consent and received
€40 as remuneration; a bonus of €5
or €10 could be obtained depending
on their performance in spotting out
pseudo-words in the shallow encoding
task. The study was approved by the
Ethics Committee of the Faculty of Social
Sciences of the Radboud University.

Materials
Deep Encoding Task

Shallow Encoding Task

The shallow encoding task was similar to
the deep task, but the 360 target words
were now overlaid on a rectangular grid,
and the bottom words were replaced with
two percentage values. Here, participants
chose a value representing the correct
percentage of the grid occupied by the
word. Similar to the deep encoding task,
four difficulty levels were set to modulate
perceptual cognitive effort. These levels
were determined by the differences
between the two bottom values, 90%,
70%, 50% (Fig. 1C) and 30% (Fig. 1D).
Since it was necessary that participants
actually read the word while making the
size judgement, 36 pseudo-word trials
were added as fillers. Participants could
receive an extra bonus for skipping each
filler by pressing the space key.
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This task consisted of 360 trials, each
beginning with a fixation cross (500 ms),
followed by a word triplet. Participants
indicated which of two words displayed
at the bottom of the screen was more
semantically related to the target word at
the top by pressing appropriate buttons
on the keyboard. All words and their
relatedness scores were retrieved from
the LSA database (lsa.colorado.edu) and
matched on word length and frequency.
Trials proceeded with self-pace and a
5-second response limit. In order to
promote variations in semantic cognitive
effort, each triplet was categorised to
one of four difficulty levels determined
by the difference between the semantic
relatedness score of each top-bottom
pair. These difference levels were set at
0.30 (easy, Fig. 1A), 0.20, 0.10, or 0.05
(hard, Fig. 1B). The smaller the difference
between two scores, the more cognitive
effort was assumed to be required to make
the ‘encoding’ decision. The resulting 360

triplets were translated from English to
Dutch by five independent native Dutch
speakers, and presented randomly for
each participant.

Figure 1:
Sample encoding decision-making trials in easy (A, C) and difficult (B, D) deep and shallow encoding tasks,
respectively. In the deep encoding task (A, B), participants indicated which of two bottom words is more
semantically-related to the target word at the top. In the shallow task (C, D), participants chose a value
representing the correct percentage of the grid occupied by the word.

Recognition Memory Task

The 720 target words from the deep and
shallow encoding tasks were intermixed
with 360 new words and randomized
for the “old/new” recognition task. Trials
proceeded in a self-paced fashion with a
5-second response limit and short breaks
after every 270 trials.

14
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The experiment comprised of two blocks
of the deep encoding task followed by
two blocks of the shallow encoding task
with a 3-min break in between. The later
recognition task had the four blocks in
reverse order to counteract possible floor
effects of shallow encoding. Before starting
the actual experiment, participants
acquainted themselves with the task
using instructions and practice trials of
the encoding tasks. The experiment was
designed using PsychoPy (Peirce, 2009)
and conducted in Radboud University
research labs and lasted two hours.

Data Analysis

The data from the two encoding type
blocks were collapsed for each task. Trials
that were not responded to, or with an
RT±3SD away from the mean, or with
a RT<200 ms were removed. Applied
cognitive effort was measured by RTs. For
each encoding task and participant, four
levels of cognitive effort were established
using rank-based percentile cuts (See
Table 1 for Means and SDs).
Memory performance at each cognitive
effort level for both deep and shallow
encoding tasks was calculated using
d-prime (Macmillan & Creelman,
2004). A repeated-measures GLM was
conducted with d-prime as the dependent
variable, Group (OAs vs. YAs) as betweensubjects factor, and LoP (deep vs. shallow)
and cognitive effort (4 levels) as withinsubject factors. Post-hoc tests were run
to investigate interaction effects. All
statistical tests used p < .05 as criterion
for significance and effect sizes (partial
eta-squared) are reported.

Table 1. Means and standard deviations of RTs for all encoding conditions for OAs and YAs
Deep

Shallow

Level of
Cognitive

1

2

3

4

1

2

3

4

YAs (M)

1.38

1.79

2.20

2.80

1.11

1.37

1.67

2.39

YAs (sd)
OAs (M)
OAs (sd)

0.32

0.41

0.50

0.64

0.25

0.29

0.37

0.49

1.85

2.30

2.73

3.21

1.39

1.74

2.41

3.08

0.45

0.37

0.41

0.49

0.29

0.38

1.42

1.30

Effort*

* Four levels of cognitive effort were established using rank-based percentile cuts of RTs of encoding tasks
for each participant: Level1: RT<25%ile; Level2: 25%ile ≤ RT< 50%ile, Level3: 50%ile ≤ RT< 75%ile;
and Level4: RT≥ 75%ile.

Results
Main Effects

The repeated-measures GLM revealed
three main effects: 1) Group, F(1, 44)
= 11.74, p = .001, ηp2 = .21, reflecting
higher d-primes in YAs than OAs; 2) LoP,
F(1, 44) = 11.75, p = .001, ηp2 = .21,
reflecting higher d-primes after the deep
than the shallow encoding; 3) Cognitive
effort, F(3, 42) = 32.57, p < .001, ηp2

= .43. A post-hoc test with Bonferronicorrection for multiple comparisons
revealed that the latter represented
differences at levels 1 and 2 (p = .001),
1 and 3 (p < .001), 1 and 4 (p < .001), 2
and 4 (p < .001), and 3 and 4 (p = .002).
See Fig. 2A for an illustration of the effect
of cognitive effort in each group.
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Figure 2:
A) Memory performance improved with increasing cognitive effort level in both YAs and OAs irrespective
of task; B) OAs displayed better memory performance for the deep vs. shallow encoding task; no significant
difference was present in YAs; C) YAs outperformed OAs in the shallow condition at all effort levels; D)
OAs’ memory performance matched YAs in the deep task except at effort level 1.

Interaction between Group, Effort, and LoP
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The interaction between Group and LoP
was significant, F(1,45) = 4.51, p = .039,
ηp2 = .093, reflecting a significantly
better performance for OAs in the deep
vs. shallow condition (Mdeep = 0.601,
Mshallow = 0.320, F(1, 22) = 14.80,
p = .001, ηp2 = .40), but not for YAs
(Mdeep = 0.696, Mshallow = 0.630, F(1,
22) = 0.89, p = .357, ηp2= .04) (Fig.
2B). The three-way interaction between
Group, LoP, and Cognitive effort was also
significant, F(3, 135) = 3.00, p = .033,
ηp2 = .06., which was examined further
with a Group × Cognitive effort GLM for
deep and shallow conditions separately.
For deep encoding, the GLM revealed a
significant main effect of Cognitive effort,

F(3, 42) = 17.33, p < .001, ηp2 = .28,
and a significant Group × Cognitive effort
interaction, F(3, 132) = 3.10, p = .029,
ηp2 = .06. Subsequent simple effect
analysis showed except at the first level of
cognitive effort, F(1, 44) = 4.82, p = .034,
there was no difference in the performance
of OAs vs. YAs (Fig. 2D). For shallow
encoding, the Group × Cognitive effort
GLM revealed a main effect of Group,
F(1, 44) = 30.51, p < .001, ηp2 = .41,
and Cognitive effort, F(3, 42) = 17.67, p
< .001, ηp2 = .29, but no interaction,
F < 1 (Fig.2C).

Discussion
Following
the
environmentalcompensation account, encouraging
different levels of processing efficiency
through
task
manipulations,
we
compared the effect and interaction of
different levels of Cognitive Effort and
two Levels of Processing. This study
revealed the following. Firstly, increased
cognitive effort resulted in a better
memory performance for both groups.
Secondly, OAs benefited more from deep
vs. shallow encoding as compared to YAs.
Thirdly, in line with the environmentalcompensation account, during deep/
semantic encoding, increased cognitive
effort eliminated age-related EM deficits.
Increased Cognitive Effort Enhances
Memory in both Old and Young

One might argue that semantic
congruency or relatedness, which has
a beneficial effect on episodic memory
(Bein et al., 2015; Staresina, Gray,
& Davachi, 2009), is confounded in
the deep/semantic effortful encoding
manipulation and that the effect of this
confound was different for YAs and OAs.
Indeed, due to the nature of our deep/
semantic encoding task, the semantic
relatedness of target word pairs was larger
in easy than difficult trials. However, it is
not likely that the eliminated ageing effect
at higher effort levels can be explained by
such differential confounder effect given
evidence that OAs and YAs benefit from
semantic congruency/relatedness to a
similar extent (Crespo-Garcia, Cantero,
& Atienza, 2012).
Semantic Encoding Provided
Environmental Support for OAs

Compared with shallow processing, deep
processing led to better memory for OAs.
Semantic analysis of stimuli invokes
associations between the stimuli and
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Consistent with previous studies (Jacoby
et al., 1979; McDaniel et al., 1986),
we found that higher levels of cognitive
effort during encoding lead to better
recognition performance in both YAs
and OAs. Although some studies didn’t
find such an effect (Green & Vaid, 1986;
Tyler et al., 1979), this discrepancy
could arise from methodological issues,
such as the noise that may be induced
in the encoding effort manipulation by
using different materials or employing
dual-task paradigms. To address these
methodological concerns, we used RTs
based on encoding performance of each
individual participant as a direct index of
cognitive effort, kept our tasks analogous,
and materials as similar as possible.
Compared to cognitive capacity, which is
fixed and absolute for a given individual,
cognitive effort, defined as the percentage
of available resources allocated to

processes required by a task, represents the
efficiency of processing, relative to both
task demands and to available capacity.
Unfortunately, OAs with resource deficits
suffer from both capacity and efficiency
reduction. Although enhancing capacity is
unlikely to happen at old age, OAs could
take advantage of environmental support
to increase efficiency (Craik, 1986;
Craik & Byrd, 1982; Troyer, Hafliger,
Cadieux, & Craik, 2006). As shown here,
increasing encoding decision-making
difficulty seems like a promising aid for
memory performance.

18

Chapter 2

existing knowledge networks, leading to
forming durable memory traces. Previous
studies show that OAs with memory
binding deficits do not employ semanticprocessing strategies spontaneously, but
are able to use them when forced (Burke
& Light, 1981; Craik & Simon, 1980).
Here, when required to encode stimuli
using deep processing, OAs formed
stronger memory traces for later retrieval,
which possibly counteracted the memorybinding deficit. However, inconsistent
with other studies (Sauzeon et al., 2000;
Simon, 1979), YAs didn’t seem to benefit
from deep processing. One of the reasons
might be that participants in other
previous studies using a shallow condition
were asked to respond to the case/font of
presented words (Daselaar et al., 2003).
In those cases, the words may not have
been actually read or encoded. Prior to
being judged on its size, we encouraged
participants to read the word, by mixing
in pseudo-words. Without binding
deficits, we assume YAs can initiate
semantic links when reading the words
in both deep and shallow conditions.
Moreover, by introducing a bonus
payment for detecting pseudo-words in
the shallow encoding task, participants
were encouraged to be more involved in
the shallow task. This motivation might
be especially strong in YAs, additionally

contributing to the lack of a LoP effect
in this group.
Increasing Effort in Semantic Encoding
Boosts OAs Performance to Match YAs

Previous studies report that OAs are less
likely to spontaneously process incoming
perceived events elaborately and deeply
(Craik & Rose, 2012), which are the
consequences of two deficits: resource
deficits leading to a lack of self-initiated
cognitive effort, and binding deficits
reducing the likelihood of voluntarily
forming deep/semantic traces during
encoding. However, when adequate
environmental support is provided,
OAs can perform such useful operations
(Kessels & de Haan, 2003), which
enhance encoding and hence later
memory performance. As shown here,
difficult decision-making boosts the
amount of effort, and deep encoding
directs resources into more meaningful
semantic processes. Age-related EM
deficits were eliminated only in conditions
where both environmental supports were
provided. This suggests future therapies
should combine factors that support
compensation targeting both age deficits.
A memory-training program that aids
OAs in forming effortful semantic traces
of memory events should be developed to
address this matter.

Conclusions
We studied the effects of the LoP
and cognitive effort as environmental
compensatory factors for OA’s episodic
memory decline. Results reveal that
the memory performance of both
older and younger adults benefit from
increased cognitive effort involved during
encoding. Moreover, older adults take

additional advantage if encoding is deep/
semantic. Interestingly, following the
environmental-compensation account,
OAs’ memory performance reached the
level of YAs’ when environmental support
was provided by effortful semantic
encoding.
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CHAPTER 3

To boost or to CRUNCH? Effect of effortful encoding on episodic
memory in older adults is dependent on executive functioning

This chapter is based on:
Fu, L., Maes, J. H.R., Kessels, R.P.C., & Daselaar, S.M. (2017). To boost or to CRUNCH?
Effect of effortful encoding on episodic memory in older adults is dependent on executive
functioning. PLoS ONE, 12(3). doi:10.1371/journal.pone.0174217

Abstract
It is essential to develop effective interventions aimed at ameliorating age-related cognitive
decline. Previous studies found that effortful encoding benefits episodic memory in older
adults. However, to date it is unclear whether this benefit is different for individuals with
strong versus weak executive functioning (EF). Fifty-one older adults were recruited
and divided into low (N=26) and high (N=25) functioning groups, based on their EF
capacity. All participants performed a semantic and a perceptual incidental encoding
task. Each encoding task was performed under four difficulty levels to establish different
effort levels. Encoding was followed by a recognition task. Results showed that the high
EF group benefitted from increased effort in both tasks. However, the low EF group
only showed a beneficial effect under low levels of effort. Results are consistent with
the Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) and
suggest that future research directed at developing efficient memory strategies to reduce
negative cognitive aging effects should take individual cognitive differences among older
adults into account, such as differences in EF.

22

Chapter 3

Introduction

In principle, two lines of reasoning can
be adopted regarding the question of who

will benefit most from effortful semantic
encoding. The first hypothesis is that
OAs who have pronounced cognitive
deficits will profit more from this type of
environmental support than individuals
with relatively intact cognitive abilities.
This hypothesis is based on the idea that
there is more room for a compensationbased improvement in the former than
the latter group of individuals. As shown
by Clark and his colleagues (Clark, Xu,
Unverzagt, & Hendrie, 2015), elderly
with lower education, presumably having
a relatively low cognitive reserve, take
more benefit from training speed of
processing compared to those with higher
levels of education. Other supporting
evidence is provided by a recent study
showing that, compared to young adults,
children displayed more positive transfer
effects of a cognitive training program,
which might also be due to their lower
cognitive capacity (Zhao, Chen, & Maes,
2016).
An alternative hypothesis is that
larger benefits can be expected for
individuals with relatively intact as
opposed to poor cognitive abilities. This
hypothesis relates to the CompensationRelated Utilization of Neural Circuits
Hypothesis (CRUNCH) (Reuter-Lorenz
& Campbell, 2008). According to
this model, OAs may reach a memory
performance that is comparable to that
displayed by YAs by recruiting more
(also: bilateral as opposed to unilateral)
prefrontal activation than shown by the
YA (Cabeza, 2002; Cabeza, Anderson,
Locantore, & Mcintosh, 2002). However,
importantly, especially in OAs with
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In the past few decades, an increasing
number of studies have focused on
cognitive aging and factors that could
counteract adverse aging effects. Several
studies have shown that environmental
support, for example in the form of
providing mnemonic strategies, can
alleviate cognitive-aging induced episodic
memory decline (Burke & Light, 1981;
Kessels & Haan, 2003). One type of
environmental support in a broader sense
consists of manipulating task demands to
enhance depth of processing of the tobe-learned material, such as in tasks that
encourage deep semantic encoding (Ellis,
Thomas, & Rodriguez, 1984; Morrow
& Rogers, 2008; Sauzeon, N’Kaoua,
Veronique, Guillem, & Claverie, 2000).
In a recent study (Fu, Maes, Varma,
Kessels, & Daselaar, 2017) comparing
young (YAs) and older adults (OAs), we
found that encoding especially enhances
later memory retrieval in OAs if encoding
takes place under relatively demanding
conditions that implicate much cognitive
effort. This effect is in accordance with the
environmental-compensation view (Craik
& Byrd, 1982; Fu et al., 2017; Troyer,
Häfliger, Cadieux, & Craik, 2006),
which states that high task demands
may encourage OAs to use their limited
cognitive resources in a more efficient
way, thereby compensating for their
cognitive deficits. However, the amount
of cognitive effort invested in a task,
which later benefits episodic memory
retrieval, might be highly dependent on
the individual’s cognitive capacities.

relatively poor cognitive capacity, the
cognitive compensatory mechanisms that
can be mobilized is limited. It has been
shown in working memory studies that,
beyond a critical threshold, increasing
cognitive demands results in a decreased
activation of prefrontal brain areas and
corresponding decreased performance
(e.g., Mattay et al., 2006; Reuter-Lorenz
& Lustig, 2005; Schneider-Garces et al.,
2010; Vermeij et al., 2016). Hence, this
model would suggest that individuals
with relatively strong cognitive abilities
will reach the critical threshold (i.e.,
display the CRUNCH effect) later
compared to those with poor cognitive
abilities. This suggests that the better
functioning individuals will show a larger
benefit of effortful encoding conditions,
as compared to the lower functioning
individuals.
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Previous studies report a remarkable
variability in cognitive capacity at old
ages (Christensen, Anstey, Leach, &
Mackinnon, 2008; Stern, 2002; 2009;
Whalley, Deary, Appleton, & Starr, 2004).
For example, some OAs exhibit severe
memory impairments, whereas others are
able to maintain a high level of functioning
(Christensen et al., 1999; Wilson et al,
2002). However, variability at old age
is especially present for one particular
class of cognitive processes, namely
executive functioning (EF). As a higherlevel cognitive process, EF supervises
and controls a wide range of more basic
cognitive processes, thereby enabling
goal-directed operations, such as the
inhibition of task-irrelevant information,
the implementation of strategies, the
switching between tasks, the adjustment of
behavior based on feedback, and planning

(Angel, Fay, Bouazzaoui, & Isingrini,
2010; Hedden & Yoon, 2006). The
executive functioning decline hypothesis
is one of the main theories in the field
of cognitive aging (Albert & Kaplan,
1980; Daigneault, Braün, & Whitaker,
1992; Moscovitch & Winocur, 1992). It
postulates that EF decline is a hallmark
of cognitive aging and may be the main
mediator of age differences in cognitive
capacities, especially in episodic memory.
The EF decline hypothesis has been found
particularly advantageous to explain
episodic memory deficits during aging
(Velanova, Lustig, Jacoby, & Buckner,
2006). EF is engaged in conscious and
strategic aspects of memory performance
and the influence of EF on age-related
memory differences appears especially
prominent in resource-dependent and
strategic memory conditions (Bugaiska et
al., 2007; Moscovitch & Winocur, 1992;
Taconnat, Clarys, Vanneste, Bouazzaoui,
& Isingrini, 2007).
A previous study by Angel et al. suggests
that high EF may underlie the individual’s
cognitive reserve capacity, by helping OAs
implement efficient strategies as well as
making use of environmental support,
and consequently maintain a high level
of episodic memory performance. In the
present study, we aimed to more directly
assess the effect of environmental support
on OAs’ episodic memory performance as
a function of differences in EF. Specifically,
we applied EF as an index of individual
differences in cognitive functioning and
assessed whether OAs with low EF would
benefit more from increasing cognitive
effort in encoding than those with high
EF, or vice versa.

In sum, in the current study, we aimed
to answer the question concerning who
benefits more from effortful encoding:
OAs with low EF capacities, who have
more deficits to compensate for, or OAs
with high EF capacities, who can still
make use of the provided environmental
support. Several neuropsychological tests
were applied to assess EF of OAs. High
and low EF groups were formed based
on their EF scores. We employed both
incidental encoding tasks as used by Fu et
al. (2017) : a deep encoding task based on
semantic relatedness between words and

a shallow encoding task based on word
size. Cognitive effort was manipulated
by varying decision-making demands in
both encoding tasks. Episodic memory
performance, indexed by d-prime, was
later tested using a recognition task. As
shown previously, in general, effortful
encoding benefits memory performance
after both levels of processing (LoP:
deep and shallow encoding). If indeed
one group benefits more from effortful
encoding than another, this differential
effect should hold for both encoding
tasks.

Methods
Participants
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Fifty-one OAs, aged 60 to 80 years (M
= 66.96, SD = 5.50, 20 women), were
recruited by an advertisement in local
newspapers. All participants were native
Dutch speakers without a history of
neurological or psychiatric illnesses (selfreport) and scored higher than 25 on the
Mini Mental State Examination (MMSE,
Folstein, Folstein, & McHugh, 1975; M
= 29.29, SD = 0.88, range = 26-30). The
group of participants were divided into a
low and a high EF group using a median
split based on the composite z-score of

neuropsychological tests (see Materials
below). The groups did not differ in
age and education. The high EF group
displayed significantly higher scores on the
MMSE, the Backward Digit Span task,
and the Mental Arithmetic task (see Table
1) than the low EF group. All participants
signed an informed consent form and
received €40 as remuneration. The study
was approved by the Ethics Committee
of the Faculty of Social Sciences of the
Radboud University and all experimental
manipulations were performed in
accordance with the approved guidelines
and the declaration of Helsinki.

Table 1. Demographics and neuropsychological results of the two groups

t (df = 49)

p (2-tailed)

0.354

.725

Low-EF

High-EF

N

26

25

Gender (female)

15

5

Age

67.23 (5.69)

66.68 (5.40)

Education*

5.58 (1.21)

6.00 (0.91)

MMSE

29.04 (1.04)

29.56 (0.58)

-2.199

.033

Backward Digit Span

9.31 (2.11)

13.48 (2.80)

-8.359

<.001

Mental Arithmetic

9.85 (1.97)

14.68 (2.16)

-6.022

<.001

.202

*Education level was calculated based on the Dutch educational system using a 7 point scale, with 1 = less
than primary education and 7 = academic degree (Verhage, 1964). The comparison between two groups was
conducted using a Mann-Whitney U test.

Materials
The materials used in this study were
the same as described in Fu et al. (2017)
except for the neuropsychological tests.
Detailed methods are described below.
Deep encoding task
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The deep encoding task comprised of
360 trials, each beginning with a fixation
cross (500 ms), followed by a word triplet.
Participants were asked to indicate which
of the two words displayed at the bottom
of the screen was more semantically
related to the target word at the top by
pressing corresponding buttons on the
keyboard. All words and their relatedness
scores were retrieved from the LSA
database (lsa.colorado.edu) and matched
on word length and frequency for each

difficulty level. Trials proceeded in a selfpaced fashion with a 5-s response limit.
For the purpose of promoting variations
in semantic cognitive effort, each triplet
was categorized to one of four difficulty
levels determined by the difference
between the semantic relatedness score
of each top-bottom pair. These difference
levels were set at 0.30 (easy, Fig 1A),
0.20, 0.10, or 0.05 (hard, Fig 1B). The
smaller the difference between two scores,
the more cognitive effort was assumed
to be required to make the ‘encoding’
decision. The resulting 360 triplets were
translated from English to Dutch by five
independent native Dutch speakers, and
presented randomly to each participant.

Figure 1:
Design of the experiment. Example of encoding decision-making trials in easy (A, C) and difficult (B, D)
deep and shallow encoding tasks, respectively. In the deep encoding task (A, B), participants indicate which
of the two bottom words is more semantically related to the target word at the top. In the shallow task (C,
D), participants choose a value representing the correct percentage of the height of the grid occupied by
the word. Sample recognition memory task: participants indicate whether a word is old (appeared in the
previous encoding task) or new (E), together with how confident they are (on a scale from one to three)
about the choice (F).

Shallow Encoding Task

Recognition Memory Task

The 720 target words from the deep and
shallow encoding tasks were intermixed
with 360 new words and presented in
random order during the “old/new”
recognition task. Besides an old or new
judgement, participants were also asked
to make a confidence judgement on a
scale from one to three: 1) “guess”, 2)
“probably”, and 3) “definitely”. However,
the latter data are not relevant for the
present study and will not be reported or
discussed. Similar to the encoding tasks,
recognition trials proceeded in a selfpaced fashion with a 5-s response limit,
with short breaks after every 270 trials
(see Fig. 1E & F).
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The shallow encoding task also contained
360 trials. On each trial, a target word
was overlaid on a rectangular grid, with
two percentage values presented below.
Participants were instructed to choose a
value representing the correct percentage
of the height of the grid occupied by the
word. Similar to the deep encoding task,
four difficulty levels were set to modulate
perceptual cognitive effort. These levels
were defined by the differences between
the bottom two values, 90%, 70%, 50%
(Fig 1C), and 30% (Fig 1D). Since it
was necessary that participants actually
read the word while making the size
judgement for encoding to take place, 36
pseudo-word trials were added as fillers.
Participants could receive an extra bonus

for skipping each filler by pressing the
space key.

Neuropsychological tests

Similar to the study by Glisky and her
colleagues (Glisky, Polster, & Routhieaux,
1995), three neuropsychological tests
were used to measure EF: 1) Backward
Digit Span from the Wechsler Adult
Intelligence Scale – Fourth Edition
(WAIS-IV; Wechsler, 2008), 2) Mental
Arithmetic, and 3) Mental Control from
the Wechsler Memory Scale – Fourth
Edition (WMS-IV; Wechsler, 2009), and
two neuropsychological tests were used
to evaluate MB (MB: memory binding
function, see S1 File for details): 1) Logical
Memory, and 2) Word pairs Association

from the WMS-IV. However, we did
not use participant’s performance on the
Mental Control test for determining the
composite EF score due to a ceiling effect
(Full score = 8, Median = 8, Mean = 7.82,
SD = .62). Participants’ performance on
each of the other two tests of EF was
computed by norm scores that later was
converted to a z score. Subsequently, the
average of the two z scores was taken as
the composite EF score, representing each
individual’s EF capacity. The composite
MB score was calculated in the same
fashion as the composite EF score.

Procedure
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Participants visited the research lab
at Radboud University twice for this
study. Neuropsychological tests were
administered at the first appointment,
together with the MMSE. Participants
also practiced the deep and shallow
encoding tasks at this session. The actual
experiment was conducted during the
second session, which took place 2-5
days after the first appointment. The
experiment comprised two blocks of
the deep encoding task followed by two

blocks of the shallow encoding task with a
3-min break in between. The recognition
task consisted of the four blocks in reverse
order to counteract possible floor effects
of shallow encoding, which started
immediately after participants finished
the encoding tasks. Before starting
the actual experiment, participants
acquainted themselves again with the
task by instructions. The experiment was
designed using PsychoPy (Peirce, 2009).

Data Analysis
The data from the two encoding blocks
were collapsed for each task. Words that
were not responded to during encoding,
had a response time (RT) ± 3SD away
from the total sample’s mean, or with
an RT < 200 ms were removed from
later calculation of d-primes. Applied
cognitive effort was measured by RTs. For
each encoding task and participant, four
levels of cognitive effort were established

using rank-based percentile cuts: Level
1: RT < 25%ile; Level 2: 25%ile ≤ RT<
50%ile, Level 3: 50%ile ≤ RT < 75%ile;
and Level 4: RT≥ 75%ile. For the low
EF group, the RT in the deep encoding
condition ranged from 1739 ms at effort
level 1 to 3179 ms at effort level 4. For
the high EF group the corresponding
values were 1867 and 3311 ms. For the
shallow encoding condition, the RT for

the low EF group ranged from 1320 ms at
effort level 1 to 2727 ms at effort level 4.
For the high EF group the corresponding
values were 1365 and 3049 ms. A Group
× Encoding condition × Cognitive effort
analysis of variance using these RT
data failed to reveal a significant effect
involving the group factor.
Memory performance at each cognitive
effort level for both deep and shallow
encoding tasks was calculated by d-prime
(Macmillan & Creelman, 2004). A

repeated-measures generalized linear
model (GLM) analyses of variance was
conducted with d-prime as the dependent
variable, Group (High EF vs. Low EF)
as between-subject factor, LoP (deep vs.
shallow) and Cognitive effort (4 levels)
as within-subject factors. Post-hoc tests
were conducted to examine significant
interaction effects. All statistical tests
employed p < .05 as criterion for
significance and effect sizes (partial etasquared) are reported.

Results
Main effects

Interactions between Group, Effort, and
LoP

Of primary interest, the interaction
between Group and Cognitive effort was
significant, F(3, 147) = 5.51, p = .001,
ηp2 = .11, reflecting a significant better
performance for the high compared
to low EF group at Cognitive level 3
(p = .046) and 4 (p < .001) (see Fig. 2).
Also, a separate ANOVA with effort as
single factor for each group separately
revealed a significant quadratic component
(p = .010, ηp2 = .24), suggestive of a
CRUNCH effect, but no linear component
(p = .079, ηp2 = .12) for the low EF OAs.
Pairwise comparisons revealed that the
quadratic effect represents a significant
difference in memory performance
between levels 1 and 3 (p = .035). For the
high EF group, only the linear component
was highly significant (p <.001,
ηp2 = .81) and pairwise comparisons
showed that, apart from levels 3 and 4
(p = .243), the difference in memory
performance between all other pairs was
significant (ps <.05). There was no threeway interaction among Group, LoP, and
Cognitive effort (F <1).
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The repeated-measures GLM revealed
three main effects: 1) LoP, F(1, 49) =
21.81, p < .001, ηp2 = .31, reflecting
higher d-primes after deep (M = .53 ,
SD = .29 ) than shallow (M = .33, SD
= .16 ) encoding; 2) Group, F(1, 49)
= 5.92, p = .019, ηp2 = .11, reflecting
higher d-primes in the high EF group
(M = .49 , SD = .17) than low EF group
(M = .37 , SD = .17); and 3) Cognitive
effort, F(3, 47) = 21.79, p < .001, ηp2 = .31.
A post-hoc test with Bonferroni-correction
for multiple comparisons revealed that
the latter effect reflected differences in
recognition memory performance at levels
1 (M = .32, SD = .20) and 2 (M = .43,
SD = .19) (p < .001), 1 and 3 (M =
.49, SD = .20) (p < .001), and 1 and 4
(M = .48 , SD = .19) (p < .001), indicating
that memory recognition increased with
more cognitive effort devoted to memory
encoding.

Figure 2:
Illustration of CRUNCH effect. A difference in memory performance between low and high EF groups
appeared at cognitive levels 3 and 4. A significant quadratic component appeared for the low EF group
indicating a CRUNCH effect.

Although we did not observe a three-way
interaction between Group, LoP, and
Cognitive effort, we performed a Group
× Cognitive effort GLM for deep and
shallow tasks separately to see if the effect
of EF difference holds similarly for both
tasks.
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For the deep encoding task, the GLM
revealed a significant main effect of
Cognitive effort, F(3, 47) = 17.04,
p < .001, ηp2 = .26, and a marginally
significant interaction effect between
Group
and
Cognitive
effort,
F(3, 147) = 2.52, p = .06, ηp2 = .05 (Fig
3). Subsequent simple main effect analysis
showed that there was no difference in
d-prime between the two groups for effort
levels 1−3, but importantly, there was a
highly significant difference at the highest
level of cognitive effort, t(49) = -2.74,
p = .009. Moreover, polynomial contrasts
showed a quadratic component in the low
EF group (p = .007) together with a linear
component (p = .021), whereas there was

only a linear component in the high EF
group (p < .001; quadratic component:
p = .159). This provides support for the
CRUNCH model in the low EF group
(Fig 3A). For the shallow task, the Group
× Cognitive effort GLM revealed a main
effect of Cognitive effort, F(3, 47) = 6.64,
p < .001, ηp2 = .12, a main effect of Group
F(1, 49) = 5.22, p = .027, ηp2 = .10, and
an interaction effect between Group and
Cognitive effort. Further analysis showed
that a difference in memory performance
between the two groups was present at
cognitive effort level 3 (t(49) = -2.32,
p = .025) and 4 (t(49) = -3.95,
p = .001). Moreover, only the high EF group
seemed to have benefited from increasing
cognitive effort, F(3, 72) = 14.51, p < .001,
ηp2 = .38, whereas the low EF group did
not, F(3, 75) = .56, p = .644, ηp2 = .02
(see Fig 3B).

Figure 3:
Effect of cognitive effort in the deep and shallow encoding conditions for each of the two groups. When
viewing separately, the CRUNCH effect was present in the deep encoding condition in the low EF group
(A), whereas this group did not benefit from encoding effort in the shallow encoding task (B).

Discussion

More Room More Improvement or Less
Capacity Earlier CRUNCH

In answering the question: who benefit
most from scaffolded cognitive effort
as environmental support for episodic
memory enhancement, we tested two
possible hypotheses supported by two
different lines of reasoning. The first

hypothesis stated that OAs who have
pronounced cognitive deficits (in this
study: the low EF group) will benefit
more than individuals with relatively
intact cognitive abilities (high EF group
in this study). This hypothesis is based
on the idea that there is more room for
a compensation-based improvement
in the former than the latter group of
individuals. An alternative hypothesis
is that larger benefits can be expected
for individuals with relatively intact as
opposed to poor cognitive abilities, which
is derived from the CRUNCH model.
This model is based on neuroimaging
studies of working memory, and proposes
that cognitive compensation mechanisms
that can be mobilized is limited, and OAs
with stronger cognitive capacities (high
EF group) reach the limitation for these
mechanisms (i.e. display the CRUNCH
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In this study, employing the same approach
as in Fu et al. (2017), we examined
whose episodic memory will benefit most
from increasing cognitive effort during
encoding, OAs with low (low EF OAs), or
those with high (high EF OAs), executive
function capacity. The results revealed
that, with more effort employed during
encoding, recognition memory improved
in high EF OAs. However, the beneficial
effect appeared in the low EF group as a
clear CRUNCH effect. Below, we discuss
our main findings in separate sections.

effect) later than OAs with weaker
cognitive abilities (low EF group).
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The current results support the latter
hypothesis. Consistent with previous
findings (Fu et al., 2017; Angel et al.,
2010), OAs with relatively strong EF
capacities are able to make use of the
advantage provided, by increasing effort
during encoding, to support later retrieval
from episodic memory. Critically, older
people with relatively poor EF abilities
indeed showed a CRUNCH effect.
Although memory performance was
improved by more cognitive effort at levels
2 and 3, no more improvement occurred
at level 4, presumably due to the high
processing requirement of the task that
went beyond the individual’s capacity.
Instead, the high EF OAs did not reach
this crucial CRUNCH point with the
current effort level settings, and therefore
these individuals could continuously
benefit from increasing effort in memory
encoding. This could also explain the
result that differences in episodic memory
performance between high and low
EF OAs only appeared at effort levels
3 and 4. To our knowledge, this is the
first study that –adding to the previous
working memory studies (Reuter-Lorenz
& Campbell, 2008; Schneider-Garces et
al., 2010; Vermeij et al., 2016)– reports a
CRUNCH effect in an episodic memory
task with increasing task demands during
encoding. It is quite likely that it can also
be found in other cognitive domains,
but that remains a question for future
research.

The Importance of Individual Differences
in Aging Research and Therapeutic
Measures

In the past, cognitive aging has primarily
been treated as a population-level
phenomenon. Our data indicate that
investigating individual differences in
the cognitive aging process might be
important, especially for the purpose of
developing effective interventions. There
are large differences in the magnitude of
aging effects as a function of which specific
aspect of cognitive functioning is studied
(Belleville et al., 2006; Christensen
et al., 1999; Wilson et al., 2002).
Moreover, inconsistent results have been
reported on the effectiveness of cognitive
interventions developed to counter aging
deficits on a group level (Belleville et al.,
2006; Kueider, Parisi, Gross, & Rebok,
2012). More detailed knowledge about
individual differences in aging-related
changes in different cognitive abilities
will be required to determine factors that
contribute to these mixed results (TuckerDrob & Salthouse, 2011). As shown in
this study, the enhancement of episodic
memory by environmental support,
provided during encoding, is highly
dependent on the remaining cognitive
resources of the older adult. Although
OAs with low EF could still benefit from
increasing effort at relatively low taskdemand levels of the deep encoding task,
they could not benefit from effortful
encoding at all in the shallow encoding
task. Although including or excluding
the MB score in the analyses did not
significantly affect the results (see S1
File), we suggest that this lack of benefit
for the low EF OAs might be due to the
fact that the age-related memory decline
is associated with MB deficits. Indeed, we

Limitations of the Present Study and
Future Directions

The current study had a few limitations.
First, a median split approach was used to
determine whether a participant belonged
to the high or low EF group. Since most of
our participants were highly educated, our
study sample may not be representative
of the general aging population. Future
research should include more diverse
populations, that is, also include older
adults with lower education levels.
Second, many studies suggest EF has
different components such as inhibition,
updating, and task switching. The EF
tests we employed in this study might not
cover all aspects of executive functioning.
While our selection of tasks was based
on the work of Glisky et al.(1995), who
confirmed that these tests all contribute
to the EF factor by factor analysis, future
studies may also want to include other
aspects of EF. Third, the CRUNCH
model we used in this study was based on
results of neuroimaging studies. Although
we observed a CRUNCH-like trend
in our behavioral results, it is unclear
whether this phenomenon is indeed the
same as that observed in neuroimaging
studies. Future studies could employ
fMRI to investigate the influence of
effortful encoding on increasing memory
performance in OAs.

33

Chapter 3

observed a moderate positive correlation
between EF and MB (r = .29, p < .05),
similarly as Daselaar et al. (Daselaar et
al., 2015) found. Accordingly, OAs with
low EF also suffer from a relatively low
MB, and we hypothesize that they could
not automatically form meaningful
memory traces in the shallow encoding
task, since the instruction of the task
directed attentional resources to process
shallow/perceptual aspects of the stimuli.
Instead, high EF elderly could still
internally initiate semantic memory
processing during the shallow encoding
task since their MB function is relatively
intact. Accordingly, this would implicate
that possible interventions for OAs
should take both EF and MB capacity
into consideration for the purpose of
developing proper training materials for
counteracting their age-related memory
decline. More generally, the present
findings and considerations fit the
conclusion derived from previous work
that various task- and person-related
parameters play an importantly role in
finding or not finding age differences in
the effect of environmental support (Luo,
Hendriks, & Craik, 2007; Morrow &
Rogers, 2008).

Conclusions
Extending our previous study (Fu et al.,
2017), the current study addressed the
question whose memory performance
benefits more from effortful encoding,
elderly with low or high EF. Results
revealed that high EF OAs, putatively
possessing optimal cognitive reserve, can
take advantage of environmental support

in the form of promoting cognitive effort.
However, older individuals with low EF
could only benefit from this support in
a limited way. Our findings support the
CRUNCH model and underscore the
importance of individual differences in
aging research.
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CHAPTER 4

Neural correlates of memory encoding and retrieval among
older adults differing in executive abilities

This chapter is based on:
Fu, L., Maes, J.H., Kessels, R.P., & Huijbers, W. (2018). Neural correlates of memory
encoding and retrieval among older adults differing in executive abilities. (in preparation).

Abstract
The efficiency hypothesis states that by directing their limited cognitive resources in
a more efficient way, high executive functioning (EF) older adults are able to benefit
more from embedded environmental support to achieve better memory performance
than low EF older adults. Despite providing a compelling explanation for the impact
of individual differences on memory performance, the neural correlates underlying the
efficiency difference largely remain unknown. Therefore, in the present study young
(N=21) and older (N=42) adults performed an incidental semantic encoding and a
memory recognition task in an fMRI setting. The encoding/retrieval flip (E/R flip) and
reinstatement activities were taken as neural activities signifying successful memory
performance. Multi-regression analyses showed that, for the older adults, EF is a strong
predictor of the E/R flip activities but not the activities related to reinstatement. Our
findings underscore the importance of individual differences in ageing research and
provide empirical evidence for the E/R flip.
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Introduction
Bäckman, 2011) and that cerebral ageing
is one of the main reasons for cognitive
ageing. If the efficiency hypothesis is true,
we should be able to observe the same
pattern for neuroimaging data as observed
behaviorally. More specifically, individuals
with higher EF that have a better efficiency
in using cognitive resources (as reflected
in better memory performance) would
have higher amplitudes of neural activities
related to successful memory events.

In a recent study, we found that high
executive functioning (EF) older adults
were able to form deeper memory traces
promoted by the task demand during
semantic encoding and later achieved the
same memory performance as younger
adults (Fu, Maes, Kessels, & Daselaar,
2017). In contrast, older adults with
relatively low EF did not benefit from
the environmental support provided
by task demand (i.e., effortful semantic
encoding). We explained this by the
efficiency hypothesis (Craik & Byrd,
1982), namely, that high EF older adults
could use their limited cognitive resources
in a more efficient way to compensate
for their cognitive deficits. Although
the efficiency hypothesis provides a
compelling explanation for individual
differences in cognitive abilities in aging,
the neural underpinnings remain unclear.
In the current study, we aimed to map the
patterns of brain activity associated with
this hypothesis.

Although encoding and retrieval of
episodic information are two temporally
separated events, they are strongly
interdependent and should not be
investigated in isolation (Rugg, Johnson,
Park, & Uncapher, 2008). In the past
few decades, with the development of
neuroimaging tools, two frameworks
have been developed regarding neural
activities underlying successful memory
performance. The first framework follows
the “reinstatement” account according to
which successful memory performance
depends on reactivation of parts of the
neural patterns or networks involved
in encoding the same information
(McClelland, McNaughton, & O’Reilly,
1995; Rugg et al., 2008). Although the
“reinstatement” theory is straightforward,
empirical studies found that the loci of
reactivated cortical regions supporting
successful encoding and retrieval
differ according to the engaged online
processing and to how exactly memory
is tested (Davachi & Danker, 2013). The
second framework is built on the notion
of the “encoding/retrieval flip” or E/R
flip (Daselaar, 2009). Specifically, certain
brain regions, including the posterior

There is abundant evidence that neural
networks supporting encoding and
retrieval of information decline with age
(Daselaar & Cabeza, 2008; Nyberg &
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Ageing is an inevitable path in nature.
Although deterioration in cognitive
abilities has been widely reported in older
adults, recent studies have shown that
some individuals are able to maintain
their high cognitive functioning until
late adulthood. These people demonstrate
a high cognitive plasticity in terms of
effectively using environmental support
to achieve better performance (Cheke,
2016; Kessels & de Haan, 2003).

midline region (PMR) and ventral parietal
cortex (VPC), are deactivated during
successful episodic memory encoding
and activated during successful retrieval.
Although the precise mechanism of
the E/R flip is still under investigation,
researchers believe that the E/R flip can be
seen as the representation of brain systems
collaborating functionally to increase
the likelihood of successful memory
performance (Buckner, Andrews-Hanna,
& Schacter, 2008; Huijbers et al., 2012).
If indeed higher EF older adults are able
to use their cognitive resources more
efficiently, one would hypothesize a
higher amplitude of brain reactivation
associated with a stronger reinstatement
and/or a higher amplitude of the E/R
flip, representing higher efficiency in
functional collaboration among brain
systems. However, such a phenomenon
might not occur in younger adults,
because they have no lack of cognitive
resources, implicating that they do not
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need to reallocate resources in a more
efficient way.
The current study applied the same
semantic encoding and retrieval tasks as
described in Fu et al. (2017) in an fMRI
experimental setting with the aim to
obtain neural evidence for the efficiency
hypothesis. Based on previous studies
(Mattay et al., 2006; Nyberg & Bäckman,
2011; Vannini et al., 2013), we took the
dorsal lateral prefrontal cortex (DLPFC)
and hippocampus as regions of interest
(ROIs) for reactivation. In accordance
with the reinstatement framework, we
hypothesized to find positive activation
during successful encoding and retrieval
of these two regions. Meanwhile, we
anticipated to observe deactivations
in PMR and VPC during successful
encoding and activations during successful
retrieval, as noted by the E/R flip. More
importantly, we hypothesized that the
total amplitude of the reinstatement and
E/R flip can be explained by the EF of
elderly participants but not the young.

Methods
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Participants

Twenty-one young adults, aged 19 to 44
years (Mage = 24.4, SD = 5.09, 11 women)
and 42 older adults, aged 60 to 79 years
(Mage = 66.9, SD = 3.69, 16 women)
were recruited by an advertisement
in local newspapers. All participants
were native Dutch speakers who did
not have a history of neurological or
psychiatric illnesses (self-report). All older
participants scored higher than 27 on the
Mini Mental State Examination (MMSE,
Folstein, Folstein, & McHugh, 1975;

M = 29.27, SD = 0.79, range = 28–30).
Three older adults were excluded from
the analyses due to incidental findings
in the MRI data, suggesting abnormal
structural changes of the cerebral cortex.
One young adult was removed from the
analyses due to misunderstanding of the
task instruction and another younger
adult was removed because his age (44)
deviated two standard deviations from the
rest of the younger (and older) adults. All
participants signed an informed consent
form before the start of the experiment

and received €30 as remuneration
afterwards. The study was approved by
the Ethics Committee of the Faculty of
Social Sciences of the Radboud University

and all experimental manipulations
were performed in accordance with the
approved guidelines and the declaration
of Helsinki.

Materials
Neuropsychological tests

Semantic encoding task

The semantic encoding task comprised
360 trials, each beginning with a fixation
cross (300 ms), followed by a word triplet.

Participants were asked to indicate which
of the two words displayed at the bottom
of the screen was more semantically
related to the target word at the top by
pressing corresponding buttons on a
button box. Word triplets were taken
from Fu et al. (2017). Participants had
3500 ms to make their own judgment for
each triplet and every trial ended with a
jitter of 0 – 2500 ms blank screen (see Fu
et al., 2017, for more details).
Recognition memory task

The 360 target words from the encoding
task were intermixed with 180 new words
and randomized for the recognition
memory task. Participants were asked to
judge whether a word had been presented
in the previous encoding task (old) or not
(new), taking their confidence level into
consideration, by pressing corresponding
buttons on the button box. Four options
were presented together with the target
word: “old!”, “old?”, “new?”, “new!”. In
later analysis, we combined responses
“old!” and “old?” as “old” and “new!” and
“new?” as new judgment. Trials started
with a fixation cross of 300 ms, proceeded
with a 3500 ms response limit and short
breaks after every 135 trials and ended
with a jitter (randomized durations,
ranging from 0-2500 ms).
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Similar to the study by Glisky and her
colleagues (Glisky, Polster, & Routhieaux,
1995), three neuropsychological tests
were used to measure EF: 1) Backward
Digit Span from the Wechsler Adult
Intelligence Scale – Fourth Edition
(WAIS-IV, Wechsler, 2008) 2) Mental
Arithmetic, and 3) Mental Control from
the Wechsler Memory Scale – Fourth
Edition (WMS-IV, Wechsler, 2009).
However, we did not use the participant’s
performance on the Mental Control test
for determining the composite EF score
due to a ceiling effect (Full score = 8,
Median = 8, Mean = 7.88, SD = .32).
Participants’ performance on each of
the other two EF tests was converted to
a z score. Subsequently, the average of
the two z scores was taken as composite
EF score, representing each individual’s
EF capacity. Moreover, participant’s
education level was measured by a sevenpoint scale (Verhage, 1964), and verbal
intelligence was accessed by the Dutch
version of the National Adult Reading
Test (NART) (Schmand, Bakker, Saan, &
Louman, 1991).

Procedure
The neuropsychological tests were
administered first in each participant, after
which they acquainted themselves with
the semantic encoding task. The semantic
encoding task consisted of two runs in the
MRI scanner, each lasting about 15 min.
After this task, T1-weighted structural
images were collected in a 6-min interval.
Participants were then taken out of the

scanner to have a 3–5-min break and to
be instructed for the recognition memory
task which consisted of 4 runs of 11 min
in the scanner. The recognition memory
task started immediately after the break.
All tasks were designed and presented
using Presentation® and conducted in
Radboud University research labs and
lasted three hours.

fMRI data acquisition
For the current study, images were
collected using a 3T Siemens scanner.
High-resolution T1-weighted structural
images were obtained with a 3.03 echo
time (TE), a 2300 ms repetition time
(TR), a 256 × 256 mm field of view
(FOV), a 256 × 256 matrix, and a slice
thickness of 1 mm. Functional scanning
involved a T2*-weighted gradient-multi-

echo-planar imaging (EPI) sequence with
a 2240 ms TR, a 224 × 224 mm FOV,
a 64 × 64 matrix, a slice thickness of 3
mm, 32 slices (interleaved sequence), a
90 degree flip angle, and TEs at 9, 19,
29, 39, and 49 ms. Earplugs were used to
decrease scanner noise and foam pads and
headbands were applied to minimize head
motion.

fMRI Data analysis
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fMRI data were preprocessed using
SPM8
(http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/). We discarded the
first 5 successive images (29 for the first
run of each task) in each run to allow the
magnetization to reach equilibrium. As
preliminary analyses, following previous
approaches (Daselaar, 2009), we took
images with TE = 29 ms to proceed
further analyses. Standard pre-processing
procedures were implemented: slicetiming was corrected for differences
in slice acquisition times, motion was
corrected by aligning to the first image

volume, data were normalized to the
standard SPM 8 EPI template and resliced
into 3×3×3 mm3 resolution in Montreal
Neurological Institute space, smoothing
was applied with an 8-mm full-width
half-maximum isotropic Gaussian kernel.
fMRI models

To access trial-related activity, we
convolved a vector of the onset times of
the stimuli with a synthetic hemodynamic
response function (HRF). To correct for
head motion artefacts, six rigid body
parameters of realignment entered the
design matrix as nuisance regressors. For

encoding, there were three trial types:
hits, misses, no-response; for retrieval, two
more types were added: correct rejection
and false alarm. The standard general
linear model (GLM) were used to model
the effects of interest and the nuisance
effects. To identify statistical parametric
maps for each participant, linear
contrasts to the parameter estimates (beta
weights) for the events of interest were
implemented, resulting in a t-statistic for
each voxel.

To assess the E/R flip, we extracted
encoding and retrieval activity of each
ROIs. Because deactivation is represented
as negative parameters, for the E/R flip the
“delta” of neural activity was calculated as
encoding activity subtracted by retrieval
(Vannini et al., 2013). To quantify the
amount of activity during reinstatement,
we simply added encoding and retrieval
activity, calculating a single value. Similar
as for the E/R-flip, a larger absolute value
reflects stronger activity.
Multi-regression analysis

To test our hypothesis that EF can
explain the successful memory neural
activity of older adults, and to rule
out other individual factors that could
contribute to this activity, we conducted
multi-regression analyses (backward
method, by SPSS 19) for the overall
neural activity in two E/R flip and two
reinstatement regions separately, using EF,
age, education, and verbal intelligence as
predictors. We performed the same multiregression analyses using the data of the
younger adults.
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We followed the same methods as in
Daselaar (2009) to quantify the E/R
flip. Four steps were taken: 1) we
selected regions of interest (ROIs) in
PMR (consisting of the precuneus and
posterior cingulate, BA7/29/30/31) and
VPC (consisting of the inferior parietal
lobe, and supramarginal and angular
gyri, BA39/40) using the Wake Forrest
PickAtlas toolbox (http://fmri.wfubmc.
edu/software/pickatlas); 2) To locate
regions within the ROIs demonstrating
a phase (encoding, retrieval) * success
(hit, miss) interaction, we calculated the
contrasts encoding deactivation (hits <
misses), and retrieval activation (hits >
misses), at an uncorrected threshold of P
< 0.05; 3) a conjunction analysis of these
contrasts was performed by inclusively
masking the resulting T maps; 4) the mean
cluster activity (parameter estimates)
for encoding deactivation and retrieval
activation of each individual participant
were extracted using the Conbar toolbox
(http://cabezalab.org).

To find the activities associated with
reinstatement, a similar approach was
taken as described above: 1) we selected
DLPFC (BA46) and hippocampus as
ROIs; 2) we located regions within the two
ROIs that showed activation during both
encoding and retrieval (hits > misses); 3)
a conjunction analysis was conducted;
4) parameter estimates were extracted for
encoding and retrieval activation.

Results
p < .0001) and NART-Q (t(58) = 6.74,
p < .0001), suggesting that the older adults
had a higher estimated verbal intelligence.
However, there was no significant
difference regarding education level, EF,
and memory performance, although the
difference in memory performance was at
trend level (p = .08)

Behavioural performance

We calculated the general performance
on the memory encoding and retrieval
task using d-prime as measure and the
performance of old and young on the
neuropsychological tests. As illustrated in
table 1, independent sample t-test revealed
significant differences in age (t(58) = 37.16,

Table 1. Behavioural performance comparison between older and younger adults

t (df = 56)

p (2-tailed)

66.92 (3.69)

53.90

< 0.001

93.44(5.71)

119.51(16.78)

8.66

< 0.001

6.33 (0.69)

6.00 (0.95)

Younger adults

Older adults

N

19

39

Gender (female)

10

16

Age

23.47(2.50)

NART-IQ
Education*

29.27 (0.79)

MMSE

44

0.235

Backward Digit Span

8.68 (2.00)

8.15 (1.99)

-0.95

0.346

Mental Arithmetic

14.58 (3.65)

13.74 (2.70)

-0.89

0.382

Dprime

0.91 (0.39)

0.73(0.23)

-1.80

0.084

*Education level was calculated based on the Dutch educational system using a 7 point scale, with 1 = less
than primary education and 7 = academic degree (Verhage, 1964). The comparison between two groups was
conducted using a Mann-Whitney U test. NART = National Adult Reading Test.
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Multi-regression for the E/R flip in older
and younger adults

Multiple regression analyses were used
to test whether EF and other individual
factors such as age, education level, and
verbal intelligence could significantly
predict neural activity associated with
successful memory events, represented
by the E/R flip in PMR and VPC. For
the E/R flip in PMR, for the group of
older adults, the results of the regression
analysis indicated that only EF entered
the regression model, explaining 12.7%
of the variance (R2 = .13, F(1,37) = 5.36,

p = .026, β = .356). However, for
the younger adults, no factor entered
the regression model predicting the
amplitude of the E/R flip in PMR (F <
1). As for VPC, a similar effect of EF of
the older adults was found. EF was the
single significant predictor of the E/R
flip amplitude, explaining 18.3% of
the variance (R2 = .18, F(1,37) = 8.28,
p = .007, β = .428, F < 1 for the other
factors). For the younger adults, no factor
entered the model predicting the E/R flip
amplitude in VPC (F < 1). See Fig 1 for
an illustration.

Figure 1:
The amplitude of the “E/R flip” was predicted by EF in older adults. Brain regions showing the locations
of E/R flip (PMR and VPC) as discovered by Daselaar et al.(2009). In both plots, the x-axis represents the
composite z-scores that represent individuals’ executive functioning, and the y-axis demonstrates parameter
estimates by the fMRI analysis.

Multi-regression for the reinstatement in
older and younger adults

For reinstatement in the DLPFC, no
factor successfully entered the regression
model in older adults (F < 1). However,
two individual factors of younger adults
were enrolled in the model (R2 = .45,
F(2,15) = 6.23, p = .011). Education
could significantly predict reinstatement
in DLPFC (β = .646, p = .005) and
verbal intelligence was just at the level

of significance (β = -.422, p = .050).
As for the hippocampus, no significant
model was found in older adults (F < 1).
Interestingly, in younger adults, education
could strongly predict the amplitude of
the reinstatement in the hippocampus
(β = .644, p = .004), and by itself could
explain 41.4% of the variance (R2 = .41,
F(1,16) = 11.32, p = .004). See Fig 2 for
an illustration.
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Figure 2:
The amplitude of the reinstatement could be predicted by education level in younger adults. Brain regions
demonstrate the two ROIs: DLPFC and hippocampus, in the reinstatement analysis. In both plots, the
x-axis represents education level as measured by a 7-point scale, and the y-axis shows parameter estimates
by the fMRI analysis.

Discussion
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When provided with external support
for the purpose of achieving better
memory performance, only older adults
with relatively high EF could benefit
from it (Fu et al., 2017). In this previous
study, we used the efficiency hypothesis
to explain this phenomenon, stating
that older adults with higher EF could
use their limited cognitive resources
more efficiently. The current study used
an fMRI approach to investigate the
underlying neural basis of this hypothesis.
We chose two signals signifying successful
memory performance, the reinstatement
activity in the DLPFC and hippocampus,
and the E/R flip in the PMR and VPC.
We hypothesized that the older adults’
EF should contribute to the amplitude
of these two types of neural activity.
More specifically, higher EF, meaning
higher efficiency of using cognitive
resources, should be associated with a
larger amplitude of neural activity linked
to successful memory performance. At
the same time, we did not expect EF to
be a predicting factor in younger adults
because they are not suffering from
declining cognitive resources.
The results partially supported our
hypotheses. In the elderly population, EF
was indeed the major factor in predicting
the amplitude of the E/R flip. The
multi-regression analyses established the
significant role of EF in a linear regression
model with activity in both PMR and VPC
regions as criterion. However, we were
not able to link reinstatement activity in
the DLPFC and hippocampus to any of
the individual factors, including EF, age,
education level, and verbal intelligence.

In contrast, in younger adults, although
no factor could predict the E/R flip, the
amplitude of reinstatement in DLPFC
could be predicted by education level,
together with verbal intelligence. In the
region of the hippocampus, education
was the sole significant predictor of
reinstatement.
As expected based on the efficiency
hypothesis, older adults with relatively
high EF displayed a larger amplitude for
the E/R flip in PMR and VPC, indicating
that more neural activities contribute to
successful memory performance. The
E/R flip was firstly proposed by Daselaar
et al. (2009), based on an observation of
neural activity associated with successful
memory performance. Later, an increasing
number of fMRI studies reported such a
phenomenon (Huijbers et al., 2012). One
of the explanations for the E/R flip is the
attention to memory (AtoM) account
(Daselaar & Cabeza, 2008). This account
states that deactivations during encoding
are due to top-down attention, voluntary
attention towards the study items, and
activations during retrieval are resulting
from bottom-up attention, voluntary
attention towards the memory cue that
is redirected to the internal mnemonic
associations evoked by the memory cue
(Daselaar, 2009; Huijber et al., 2012).
Our findings are consistent with this
account. With their limited attentional
resources, unlike low EF older adults, high
EF older adults could use their resources
in a much more effective way, not just by
devoting more top-down attention during
encoding but also by directing more
bottom-up attention during retrieval, as

evident by the amplitude of the E/R flip.
We were not surprised to see no such
phenomenon in the group of younger
adults because they have ample cognitive
resources and there is no need to involve
a more efficient way of dealing with the
task.

The finding that, for the group of younger
adults, reinstatement in the DLPFC and
hippocampus could be explained by

It is worth to note that although we
only found a trend towards a significant
difference between older and younger
adults in their memory performance (p
= .084), this is not in conflict with our
previous claim that older adults display
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In contrast, we were not able to demonstrate
the effect of EF in reinstatement in the
DLPFC and hippocampus in the older
adults. The reinstatement framework
states that the reactivation of the same
regions involved in the initial encoding
of the memories is crucial for successful
retrieval of those memories (Alvarez &
Squire, 1994; McClelland et al., 1995).
Although it is supported by behavioural
evidence that memory performance can
be improved by minimizing differences
between study and test conditions, fMRI
studies show limited results in terms of
reactivation. For example, recapitulation
of retrieval is limited to sensory or
stimulus-specific regions during encoding
activity, for example, the auditory and
visual associated cortex, the fusiform
face area (FFA) (Danker, Fincham, &
Anderson, 2011; Daselaar et al., 2008;
Nyberg, Habib, McIntosh, & Tulving,
2000; O’Craven & Kanwisher, 2000).
Moreover, even in the hippocampus, the
brain region that is critical for episodic
memory, only few studies actually
reported reactivation (Davachi & Danker,
2013). Taking this into consideration, the
claim that reinstatement in the DLPFC
and hippocampus reflects successful
memory performance is questionable.

education level is interesting. Previous
studies have reported a similar effect.
For instance, in the study of Van den
Bos et al. (2012), higher education was
associated with increased activation in
the DLPFC. However, this effect was
mediated by IQ. In the current study,
although we included verbal intelligence
into the regression model, it could not
cover all aspects of IQ. It might still be the
case that other aspects of IQ influenced
the activation of the DLPFC, and perhaps
the hippocampus as well, in encoding and
reactivation during retrieval. To directly
test the impact of IQ on reinstatement
activity, future studies could implement
standard IQ tests. In turn, older adults
did not show this positive contribution
of education level to the reinstatement
activities. It is possible that activities
involved in each phase of information
processing are largely affected by the
compensation mechanism. As observed
in many studies, the over-recruiting
feature of the old brain is a potential
compensation for age-related deficits, and
this is especially true for low performing
older adults (Mattay et al., 2006; ReuterLorenz & Campbell, 2008; SchneiderGarces et al., 2010; Vermeij et al., 2017).
Thus, to be able to demonstrate successful
memory processing, low functioning
older adults simply include more
reinstatement activities. However, more
empirical studies are needed to test this
hypothesis.

episodic memory decline and that only
older adults with relatively high EF could
benefit from external support. This is
because in the present study, older adults
were all relatively high functioning.
Moreover, the scores of the older adults
on verbal IQ even surpassed those of the
younger adults (p < .001). In fact, when
we divide the older adults group into high
and low EF groups (based on a median
split, as in Fu et al., (2017), we again
observed a trend difference in memory
performance between younger and low
EF older adults (t(35) = -1.85, p = .074),
whereas there was no difference between
younger and high EF older adults (t(38)
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= -1.56, p = .128). This provides further
evidence for the importance of taking
individual differences into consideration
in ageing studies.
Elaborating on our previous study (Fu et
al., 2017), the current study investigated
the neural basis of the association
between EF and memory performance.
Results from the multi-regression analyses
confirmed that stronger EF abilities in late
adulthood, putatively indicating a higher
efficiency in using limited cognitive
resources, were significantly and positively
associated with E/R flip-associated neural
activity.

Chapter 4
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CHAPTER 5

The effect of cognitive training on episodic memory of older
adults – take CRUNCH into consideration

This chapter is based on:
Fu, L., Kessels, R.P. & Maes, J.H. (2018). The effect of cognitive training on episodic
memory of older adults – take CRUNCH into consideration. (in preparation).

Abstract
Previous research on the question who will benefit most from cognitive training has
revealed some support for both the magnification and compensation accounts. The
first account states that individuals that already have strong cognitive abilities benefit
most. The second account instead assumes more benefits for individuals with relatively
poor cognitive capacities. A recent study in older adults revealed a behavioural pattern
that was in accordance with the Compensation-Related Utilization of Neural Circuits
Hypothesis (CRUNCH), which fits a magnification account. However, only few studies
so far have examined training gains and transfer effects of working memory training as
a function of initial level of cognitive function, specifically in the executive domain, in
older adults. In the present study, we examined the progress of high (N = 24) and low (N
= 24) functioning older adults over 20 sessions of performing three adaptive workingmemory updating training tasks. Transfer effects were assessed by two ecologically valid
memory tasks. Results showed that the high-functioning older adults continued to
improve their performance on all three training tasks and significantly performed better
on one of the memory tasks after training. However, the low functioning participants
displayed a clear CRUNCH pattern in the training progress on one of the training
tasks and no transfer effects. These results support the magnification account and were
discussed in terms of possible underlying mechanisms and potential implications.
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Introduction
underlying cognitive mechanism remains.
Specifically, it is still unclear whether such
effects are due to enhanced WM ability
or reflect the enhancement of some nonWM related, basic cognitive processes,
such as overall speed or familiarity with
the stimuli used, or the learning of some
strategy (e.g., Melby-Lervåg & Hulme,
2016; Morrison & Chein, 2011; Minear
et al., 2016; Shipstead, Hicks, & Engle,
2012).
Similar to traditional ageing research
assuming OAs to be a homogenous
group and drawing conclusions based on
the comparison between old and young
adults, most intervention studies ignored
individual differences among OAs.
However, considering the remarkable
variability in cognitive capacity at old
ages (Christensen et al., 1999; Stern,
2009; Wilson et al., 2002), it is of great
importance to take individual differences
into account. For example, individual
differences might also be partly responsible
for conflicting results reported in previous
cognitive training studies.
Indeed, in recent years, an increasing
number of studies have examined
individual differences (e.g., in age,
education, cognitive reserve and baseline
cognitive capacity) as possible modulating
factors of training and transfer effects
(Borella, Carbone, Pastore, De Beni,
& Carretti, 2017; Bürki, Ludwig,
Chicherio, & de Ribaupierre, 2014;
Jaeggi, Buschkuehl, Shah, & Jonides,
2014; Zhao, Xu, Fu, & Maes, 2017),
thereby also implicitly assessing who
would benefit most from training (Titz &
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Age-associated cognitive decline hampers
successful participation in society,
affecting an individual’s wellbeing and
quality of life (ref ). In the last decades,
researchers have designed interventions
to counteract ageing-associated cognitive
decline. Cognitive training, especially
working memory (WM) training, has
recently received much attention and
was thought to be a promising method
to eliminate cognitive ageing (MelbyLervåg & Hulme, 2013; Morrison
& Chein, 2011; Shipstead, Hicks, &
Engle, 2012). However, research on WM
training of older adults (OAs), and on
cognitive training in general, has evoked
many contradictory findings and debates.
Most researchers agree that WM training
can improve performance on the trained
tasks, or on tasks very closely related to
the trained task, but the controversy
mainly holds for the claim that benefits of
such training also transfer to non-trained
cognitive tasks and domains. Some
researchers are (moderately) positive about
the existence of such transfer benefits (e.g.,
Au et al., 2015; Karbach & Verhaeghen,
2014; Klingberg, 2010; Morrison &
Chein, 2011; Shah et al., 2017), whereas
others adopt a more critical perspective,
for example also criticizing previous
studies claiming positive effects in terms
of methodological flaws (e.g., Dahlin,
Nyberg, Bäckman, & Stigsdotter Neely,
2008; Melby-Lervåg & Hulme, 2013,
2016; Melby-Lervåg, Redick, & Hulme,
2016; Owen et al., 2010; Sandberg,
Rönnlund, Nyberg, & Stigsdotter Neely,
2013; Sprenger et al., 2013; Thompson et
al., 2013). Moreover, even when transfer
effects are found the question of the

Karbach, 2014; Zinke et al., 2014). Two
different accounts have been proposed,
each of which is supported by empirical
findings. First, the magnification account
states that the highest gains take place in
individuals who already perform well. This
account is based on the assumption that
higher-performing individuals, with more
efficient cognitive resources, are better able
to obtain and make use of new strategies
and abilities (Brehmer, Li, Müller, von
Oertzen, & Lindenberger, 2007; Li et
al., 2004; Lindenberger, Kliegl, & Baltes,
1992). The other account, termed the
compensation account, assumes that it is
actually the low-performing individuals
who benefit most, because they have
more latent potential for improvement
(Lövdén, Brehmer, Li, & Lindenberger,
2012; Zinke et al., 2014).

54

Chapter 5

Taking a different approach, Fu, Maes,
Kessels, and Daselaar (2017) demonstrated
that high-functioning OAs benefitted
more from environmental support (in
the form of encoding instructions) than
low-functioning OAs, thereby supporting
the magnification account. Whereas
high-functioning
OAs
consistently
profited from increasing difficulty levels
of embedded aids in the ongoing task,
OAs with relatively poor executive
function (EF) showed a CRUNCH
effect. CRUNCH (or CompensationRelated Utilization of Neural Circuits
Hypothesis) was initially observed in,
and derived from, neuroimaging studies
(Cappell et al., 2010; Reuter-Lorenz
& Cappell, 2008; Schneider-Garces et
al., 2010; Toepper et al., 2014). This
hypothesis claims that OAs may reach a
memory performance that is comparable
to that of younger adults by recruiting

more prefrontal activation than younger
adults. However, this compensatory
mechanism is limited by the cognitive
capacity of the individual involved. Once
beyond a critical threshold, increasing
cognitive demands results in a decreased
activation of prefrontal brain areas and
corresponding decreased performance.
Specifically, for OAs with poor EF high
processing requirements resulted in
subsequent decreased (memory) task
performance, presumably because the task
requirements went beyond their capacity.
This finding suggests that intervention
studies based on cognitive training
should especially consider the possibility
of CRUNCH in OAs. Accordingly,
especially when using adaptive training
regimes that are commonly used in
training studies, in which participants are
forced to continually adapt to increasing
task demands, one could expect to see less,
or even impaired, training and transfer
effects once the individual’s maximum
capacity level has been reached. Moreover,
according to the CRUNCH model
(Cappell, Gmeindl, & Reuter-Lorenz,
2010; Reuter-Lorenz & Cappell, 2008;
Schneider-Garces et al., 2010), OAs with
relatively low cognitive functions tend
to reach this threshold earlier. Hence,
this model calls for an evaluation of the
individual’s cognitive capacity before
training and to constantly monitor
performance on the training task(s).
The present study aimed to tests these
predictions of the CRUNCH model and
to provide an answer to the question who
can benefit more from cognitive training.
To these ends, similar as in Fu et al.
(2017), we used two EF tasks to measure

OAs’ cognitive capacity and later divided
them into high and low EF groups. All
participants underwent adaptive cognitive
training sessions using three computerized
WM updating tasks. The participant’s
training progress was continuously
recorded and the difficulty of the training
tasks was adjusted automatically based on
the participant’s performance. Based on
Fu et al. (2017), we expect that both low
and high functioning OAs would show
an increase in performance in the first few
sessions. However, when the difficulty
of the training tasks would surpasses the
cognitive capacity of the low-functioning

OAs, we expect a performance decrease.
In contrast, this pattern is not expected
to occur for high-functioning OAs. For
assessing transfer effects, we employed
two ecologically relevant memory tasks
that were performed by the participants
prior to, and immediately after training.
The question of main interest here was
whether there would be a corresponding
difference between groups in magnitude
of the pre- to post-training benefit
(transfer effect) for these tasks, reflecting
significant transfer for the high, but not
the low EF participants.

Methods
Participants

composite z-score of neuropsychological
tests (see Materials below). The groups
did not differ in age or MMSE score.
The high EF group displayed significantly
higher scores on education level, the
Backward Digit Span task, and the
Mental Arithmetic task than the low EF
group (Table 1). All participants signed an
informed consent form and received €50
as remuneration. The study was approved
by the Ethics Committee of the Faculty
of Social Sciences of Radboud University
and all experimental manipulations
were performed in accordance with the
approved guidelines and the declaration
of Helsinki.
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Fifty-one OAs, recruited by an
advertisement in local newspapers,
participated in the study. However,
three participants dropped out during
the training procedure. Hence, 48
participants (61-88 years old, M = 68.17,
SD = 5.67, 24 female) were included in
the final analysis. All participants were
native Dutch speakers without a history
of neurological or psychiatric illnesses
(self-report) and scored higher than 27
on the Mini-Mental State Examination
(MMSE, M = 29.58, SD = 1.07; Folstein,
Folstein, & McHugh, 1975). Participants
were divided into a low and a high EF
group using a median split based on the

Table 1. Demographics and neuropsychological test results of the two groups

t (df = 46)

p (2-tailed)

0.202

.841

Low EF

High EF

N

24

24

Gender (female)

15

5

68.33 (5.75)

68.00 (5.70)

5.25 (.85)

5.92 (0.88)

MMSE

29.29 (1.40)

29.88 (0.45)

-1.946

.058

Backward Digit Span

7.46 (1.32)

9.75 (1.15)

-6.414

<.001

Mental Arithmetic

13.79 (1.96)

16.88 (2.07)

-5.303

<.001

Age
Education*

.015

*Education level was calculated based on the Dutch educational system using a 7 point scale, with 1 = less
than primary education and 7 = academic degree (Verhage, 1964). The comparison between groups was
conducted using a Mann-Whitney U test.

Materials
Measures of EF
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Similar to Glisky and her colleagues
(Glisky, Polster, & Routhieaux, 1995),
three validated and widely used
neuropsychological tests were used to
measure EF in both pre- and post-training
assessments: 1) Backward Digit Span
from the Wechsler Adult Intelligence
Scale – Fourth Edition (WAIS-IV)
(Wechsler, 2008), 2) Mental Arithmetic,
and 3) Mental Control from the Wechsler
Memory Scale – Fourth Edition (WMSIV) (Wechsler, 2009). However, we did
not use the participant’s performance on
the Mental Control test for determining
the composite EF score due to a ceiling
effect (Full score = 8, Median = 8,
Mean = 7.58, SD = 1.23). Participants’
performance on each of the other two
tests was computed by normative data
that later were converted to a z score.
Subsequently, the average of the two z

scores was taken as composite EF score,
representing each individual’s EF capacity.
Training Tasks

Similar to the COGITO study
(Schmiedek, Lövdén, & Lindenberger,
2010), three EF (WM updating) tasks
were used for training. All tasks were
programmed in PsychoPy (Peirce, 2009).
Alpha-span Task

Upper-case consonants were sequentially
presented, with a number presented below
each letter. For each letter, participants
had to decide as quickly as possible
whether the number below corresponded
to the position in the alphabet of the
current letter within the set of letters
presented up to this step. The participant
had to press the letter “V” in case the
number corresponded with the alphabetic
position (half of the trials) and the letter
“B” in case the number differed from the

correct position. The position number
deviated by ±1 when the number did not
match the alphabetic position. Based on
the performance on the previous block,
the sequence length for each block was
individually adjusted. The first sequence
was the same for all participants and had
a length of two letters. If the participant

answered all of the trials correctly, one more
letter was added to the next sequence. The
next sequence contained one letter less
in case of > 55% incorrect answers. On
each daily session, participants were asked
to finish 15 trial blocks. The participants
needed 4−8 min per day to perform the
task. See Fig 1 for an illustration.

Figure 1:
Illustration and instruction of the Alpha-span task that was shown to participants.
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2-back Task

sequence was individually adjusted by
varying the inter-stimulus interval (ISI):
the interval between onset of the stimulus
and onset of the next stimulus which is
independent of participant’s response.
Every participant started with an interstimulus interval (ISI) of 5000 ms. When
the participant gave a correct response on
> 90% of the trials, the ISI for the next
sequence was reduced by 200 ms. If case
of < 60% correct responses, the ISI was
increased by 200 ms in the next sequence.
Participants took about 3−5 minutes
per day for this task. See Fig 2 for an
illustration.

Chapter 5

In a sequence of 20 trials, a picture of
the puppet Mario appeared at one of
four possible locations on the screen. It
was the participant’s task to recognize
whether or not each picture appeared
in the same position as it was two trials
earlier in the sequence (2-back). The
participant had to press “V” and “B” in
case of, respectively, a matching and nonmatching position. The pictures appeared
at random locations for each trial.
Participants completed three sequences
each day. Based on the performance on
the previous sequence, the presentation
rate of the pictures during the current

Figure 2:
Illustration and instruction of the 2-back task that was shown to participants.

Updating Task
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On each trial, three single numbers,
ranging from 0 to 9, were simultaneously
and horizontally presented in the upper
three cells of a 2 × 3 grid. The numbers
were presented for 5 s, after which
they disappeared. The participant was
instructed to remember the numbers.
Subsequently, a number within a range
of -8 to +8 was presented in the cell
underneath one of the numbers. The
participant was instructed to add or
subtract the value of this number to/from
the value of the number that had been
presented in the cell right above. The
participant had to memorize the updated
value for this cell. All intermediate and
end results ranged between 0 and 9.
Each sequence contained 2−8 updating
operations, using an ISI of 5000 ms. After

each such sequence, the participant was
asked to enter the value of each of the
three updated numbers (top three cells),
using the keyboard. The participant had
to complete 15 sequences on each daily
session, sepearted in 3 blocks. Hence,
each block consists of 5 sequences. Based
on the performance of a previous block
of sequences, the presentation time for
each updating operation was individually
adjusted. All participants started with an
ISI of 5000 ms. If participants consistently
could give the correct answer in five
sequences (one block) the ISI was reduced
by 200 ms. If three mistakes in a row were
made the presentation time was increased
with 200 ms. It took the participant 3−8
min to complete each daily task. See Fig 3
for an illustration.

Figure 3:
Illustration and instruction of the Updating task that was shown to participants.

Pre and Post Assessments

We adapted two memory tasks developed
by Cavallini and his colleagues (Bottiroli,
Cavallini, & Vecchi, 2008) to measure
transfer effects of the EF training to
everyday memory.
Recall Shopping List

Faces & Names Recognition

Twelve faces, each coupled with a
Dutch surname, were presented to the
participants. Each face was displayed on
a computer screen for 30 s, after which
the next face and name were immediately
presented. Subsequently, the faces were
again displayed, but this time without
the names. The participants were asked to
recall the correct face-name combinations.
Two different lists were used in the preand post-training tests. The outcome
measure of this task was the number of
correct face-name combinations.
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Participants were handed a shopping
list containing 20 items. These 20 items
could be divided into five categories,
for example, fruits, tools, and clothes.
The items were placed randomly on the
shopping list and each participant was
allowed to read the list for five minutes.
Immediately after this, the participant
was given five minutes to write down
all the items he or she could recall. Two
different lists were used in the pre- and
post-training tests. The performance was

evaluated on the basis of the number of
items correctly recalled.

Procedure
Participants were visited at their home for
the pre- and post-training assessments.
The pre-training assessments were first
conducted in a randomized order for each
subject, containing the MMSE, EF tests
(backward digit span, mental arithmetic,
and mental control), and memory tests
(recall of shopping list, and faces and
names recognition). Subsequently, the
training program was installed on the
participant’s PC. The participant was
then instructed how to run the training
program and was allowed to practise.
Each participant received a printed list

that stated the order of the training task
that they should follow on each training
session. They were asked to finish the
20 training sessions within 30 days
after the pre-training assessments. The
training progress of each participant was
monitored by Dropbox shared folder.
Participants would receive a reminder
by the researcher if no login file of the
training program was generated three days
in a row. The post-training assessment
that contained the two memory tasks was
conducted after the last training session
immediately. See Fig 4 for an illustration.
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Figure 4:
Assessments that were conducted before and after training.

Data Analysis
To analyse training progress of each
participant, we divided the 20 training
sessions into four blocks of five sessions
each and, for each task, obtained the
highest score within a block as index of
the participant’s achievement. Thus, the
index reflected the longest span for the
alpha-span task, the shortest ISI for the
2-back task, and the shortest ISI for the
updating task in each block. A repeatedmeasures GLM analyses of variance
(ANOVA) was conducted for each
training task, with the achievement index
as dependent variable, Group (EF high

vs. low) as between-subject factor, and
trial Block (4) as within-subject factor.
Post-hoc tests were conducted to examine
significant interaction effects.
To analyse transfer effects, we conducted
repeated-measures GLM ANOVA for
each of the recall shopping list and faces
and names memory task, with Group
(EF high vs. low) as between-subject
factor, and Test (pre- vs. post-training)
as within-subject factor. All statistical
tests employed p < .05 as criterion for
significance and effect sizes are reported
as partial eta-squared.

Results
Training Progress
Alpha-span task
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ANOVA revealed a main effect of Block,
F(3, 120) = 9.08, p < .001, ηp2 = .19,
reflecting improved performance over
the four training blocks. Tests of withinsubject contrasts showed a linear effect,
F(1,38) = 11.21, p = .002, ηp2 = .22),
and a quadratic effect, F(1, 38) = 6.79,
p = .013, ηp2 = .15. Although the Group
× Block interaction effect was only
marginally significant, p = .09, to identify
the source of the quadratic effect we found
for Block, we conducted an ANOVA for
the high and low EF groups separately.

For the low EF group, the main effect
of Block, F(3, 60) = 3.65, p = .017, ηp2
= .15, reflected a quadratic component,
F(1, 20) = 5.27, p = .033, ηp2 = .21, but
not a linear component, F(3, 60) = 3.07,
p = .095, ηp2 = .13. Instead, for the high
EF group, it was the other way around:
the main effect of Block, F(3, 60) = 6.58,
p = .001, ηp2 = .25, reflected a linear
component, F(1, 20) = 8.21, p = .010, ηp2
= .29, but not a quadratic component,
F(1, 20) = 1.83, p = .191, ηp2 = .08
(see Fig 5A).

Figure 5:
Progress of high and low EF groups on the three training tasks. A) The high EF group showed continual
improvement of alpha-span, whereas the low EF group showed a CRUNCH effect from Block 3 onwards.
B) Both groups showed decreasing ISIs on the 2-back training task, indicating increased performance. A
quadratic component reflected a slowing down of the speed of improvement. C) Both groups showed a
consistent decrease of ISI in the updating task, reflecting a continual performance improvement on this
task.

2-back task
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ANOVA revealed a main effect of Block,
F(3, 117) = 79.60, p < .001, ηp2 = .67,
represented by a linear component,
p < .001, and a quadratic component,
p < .001. A post-hoc test with Bonferronicorrection for multiple comparisons
revealed that participant’s performance, as
indexed by the ISI, increased continually
(significant differences between Block 1,
2, 3, and 4, ps < .001). However, as shown
by the quadratic component, the speed
of improvement slowed down over time.
There was neither a main effect of Group
nor of the Group × Block interaction,
Fs < 1 (see Fig 5B).
Updating task

ANOVA revealed a main effect of Test, F(3,
120) = 345.88, p < .001, ηp2 = .90, which
was represented by a linear component
(p < .001), reflecting improved
performance over the four training blocks.
There was neither a main effect of Group
nor of the Group × Test interaction, Fs <
1 (see Fig 5C).

Transfer effects

Figure 6A displays the results for the Face &
Name recognition test, suggesting a pre- to
post-training performance improvement
for the high but not low EF group. This
impression was statistically confirmed
by a Group × Test interaction effect,
F(1, 44) = 5.18, p = .028, ηp2 = .11, in
addition to a main effect of Group,
F(1, 44) = 6.81, p = .012, ηp2 = .13, and
Test, F(1, 44) = 5.18, p = .028, ηp2 = .11
Post-hoc tests revealed a significantly
better performance on the post- compared
to pre-training test for the high EF,
t(23) = -3.52, p = .002, but not the low
EF group. Figure 6B shows the results
for the shopping list task and suggests no
significant differences. This impression
was in line with the results of the
corresponding ANOVA, which did not
reveal any significant main or interaction
effects, Fs < 1.

Figure 6:
Transfer effects for the two ecologically relevant memory tasks. Only high EF OAs showed increased
performance on the face and name recognition task.

Discussion
One of the major questions in the
cognitive training field in recent years
relates to the selection of those individuals
who would benefit most from cognitive
training. The magnification account states
that “the richer will get richer”, whereas
the compensation account states that
low-functioning individuals have more
room for improvement (“the poor will get
richer”). Our results are consistent with
the magnification account (Brehmer et al.,
2007; Li et al., 2004). That is, the high EF
group showed a consistent improvement
on each of the three training tasks and
also improved performance on one of
the ecologically-relevant memory tasks.
We did not observe any transfer-task
performance benefits in the low EF group,
which again supports the magnification
account. Moreover, this result is consistent
with previous findings of limited transfer
effects of training (Grönholm-Nyman et
al., 2017; Schmiedek et al., 2010; Zinke
et al., 2014).
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The present study examined the
modulatory
role
that
individual
differences in cognitive capacity might
have on potential benefits of a training
program, targeting working-memory
updating ability, on performing trained
and non-trained tasks. We used a sample
of OAs that were split into a high and
low EF group. We found that, although
both groups continually improved on
the 2-back and updating tasks during
training, a CRUNCH pattern was
found in the low but not the high EF
participants in progress on the alpha-span
task, meaning that performance of low EF
older adults improved in the beginning of
the training, however, decreased after a
certain threshold of the task demands. In
terms of transfer gains, the high EF OAs
performed significantly better on the face
and name recognition task after training;
no such improvement was observed in the
low EF group.

Similar to our previous study (Fu et al.,
2017), we observed a CRUNCH pattern
in the low EF OAs during training of the
alpha-span task. This took the form of an
increasing performance on the sessions
of the first two blocks, followed by a
decrease on later sessions. Presumably,
from the third session block onwards,
the difficulty of the alpha-span task
increased beyond this group’s capacity.
This may also explain the lack of transfer
benefits as measured by the two memory
tasks. Notably, the CRUNCH model
is not entirely inconsistent with the
compensation account. If provided with
training tasks that are within the limits
of the participant’s cognitive resources,
for example, a task that is very easy, lower
functioning older adult would potentially
benefit from this and reach the same
performance level as a high functioning
OA. High-functioning OAs, in turn,
would not show a beneficial effect, since
already perform at an optimal level.
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For neither group did we find proof
that the training program had beneficial
effects on performing another memory
task we included to assess transfer: the
shopping recall task. Compared with
memory recognition, memory recall is, in
general, more difficult as it places a higher
demand on memory retrieval processes
(Craik & McDowd, 1987). Possibly,
the training-induced transfer effect is
limited to memory encoding that is more
strongly associated with EF (Huijbers
et al., 2012). This issue is related to the
question what underlying processes
are actually trained during the WM
updating tasks. These could range from
improving self-esteem, increasing overall
processing speed, improving general

test-taking skills, developing efficient
strategies that are not directly related to
WM, enhancing attentional control, to
genuine improvement of WM updating
capacity (e.g., see also Morrison &
Chein, 2011). The fact that we observed
a (group-dependent differential) transfer
benefit for only one of the two transfer
tasks may perhaps exclude some of these
possibilities (e.g. improvement of selfesteem and general test-taking skills), but
clearly more research is needed to answer
this question.
One asset of the present study is the use
of three different WM training tasks.
WM has been argued to be the EF most
strongly linked to general intelligence
(Friedman et al., 2006) and the use of
three tasks reduces the likelihood that the
training merely affects some task-specific
cognitive process. A further asset is the
use of transfer tests that are relevant for
daily living. However, there are also a
few limitations. First, we did not include
a control group, for example, a group
performing a non-adaptive version of
the training tasks. Inclusion of such
a control group would have enabled
us to assess whether the pre- to posttraining improvement seen in the high
EF participants for the faces and names
task was actually due to training or merely
reflected a stronger learning effect from
performing the pre-training test in the
high compared to low EF group (stronger
test-retest effect). Second, we did not
perform a follow-up measurement to
assess maintenance of the training and
differential transfer benefits. Third, in
the 2-back and updating training tasks,
we used the ISI as manipulation of task
difficulty. This might imply that these

tasks trained response speed rather than
WM, which might be the reason why we
did not observe a CRUNCH pattern in
these two tasks and the training effects
obtained through these tasks did not seem

to contribute to the differential transfer
benefit seen for the high versus low EF
participants. These limitations call for
future studies taking them into account.

Conclusions and implications
Based on our previous study (Fu et al.,
2017), we tested predictions derived from
the CRUNCH model in the framework
of the question which OAs would benefit
most from a cognitive training program,
those with relatively strong or poor EFs.
As hypothesized from the model, lowfunctioning OAs showed a CRUNCH
pattern during training of the alphaspan task, which might be the reason
that no beneficial effects of training on
performing a transfer task were found
in this group. The results are in line with

the magnification account, according
to which high functioning OAs should
show the strongest training and transfer
benefits. An implication of these findings
is that, in providing cognitive training
programs, it is important to match the
difficulty of the training tasks to the
cognitive ability of the trained individual.
Especially when conducting training
studies on elderly participants, a close
performance monitoring is essential to
assess the point at which the individual
reaches the CRUNCH threshold.
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CHAPTER 6

General Discussion
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Summary of the findings
older adults’ memory performance
reached the level of younger adults’ when
environmental support was provided by
effortful semantic encoding as embedded
aids.
Chapter 3 extended the study of chapter 2
and introduced an important element of
my thesis – the importance of individual
differences. To be more specific, this study
addressed the question whose memory
performance benefits most from effortful
encoding, focusing on elderly with either
low or high EF. Results demonstrated that
high EF older adults, putatively possessing
optimal cognitive reserve, are able to
make use of embedded aids in the form
of promoting cognitive effort. In contrast,
with the appearance of a CRUNCH-like
pattern. The CRUNCH model states
that the extent to which the brain is able
to compensate is restricted by its own
cognitive capacity. Here, we observed that
the benefit of promoting cognitive effort
is limited for older individuals with low
EF. These findings provided empirical
evidence for the CRUNCH model
and underline the impact of individual
differences on ageing research.
Chapter 4 further extended the first two
studies in chapters 2 and 3. Equipped
with fMRI, this study examined the
neural basis of the association between
individual differences in EF and episodic
memory performance. Results from
multi-regression analyses confirmed that
stronger EF abilities in late adulthood,
putatively indicating a higher efficiency
in using limited cognitive resources, were
significantly and positively associated with
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The main aim of the present thesis was
to examine the influence of individual
differences in executive function (EF) on
approaches that could alleviate episodic
memory ageing. To achieve this goal,
three empirical studies were conducted to
validate the effectiveness of the approach
of embedding aids within ongoing
encoding tasks (study 1), to evaluate the
role of individual differences in EF on
the effectiveness of this approach (study
2), and to identify the neural activities
associated with the effect of individual
differences in this effectiveness (study 3).
Lastly, to confirm and test a more applied
implication of the effect of individual
differences, an empirical study on
cognitive training was conducted (study
4). In this concluding chapter, the main
findings from these four studies will be
first summarized and then discussed.
Chapter 2 validated the effectiveness of
embedding factors serving as ‘memory
aids’ within the ongoing task to
improve episodic memory performance
of older adults. More specifically, we
implemented suggestions provided by
the level-of-processing theory that deep/
semantic processing may lead to more
durable memory traces. Moreover,
another important factor was added to
this approach, that is, cognitive effort.
Results confirmed the beneficial effect
of higher levels of
processing and
cognitive effort on episodic memory
performance in both older and younger
participants. Moreover, older adults took
additional advantage of involving more
cognitive effort if the encoding was deep/
semantic. Interestingly, following the
environmental-compensation account,

E/R flip-associated neural activity. The
E/R flip-associated activity is regarded as a
potential neural mechanism for successful
memory performance.
Chapter 5 took the results given by chapter
3 as starting point and tested predictions
derived from the CRUNCH model in
the framework of cognitive training.
Specifically, chapter 5 addressed the
question which older adults would benefit
most from a cognitive training program:
those with relatively strong or those with
relatively low executive functioning. As
hypothesized, low EF older adults showed
a CRUNCH pattern during training of

the alpha-span task, which might explain
that no beneficial effects of training on
performing a transfer task was found in
this group. Similar to what was found
in Chapter 3, results from this study
were consistent with the magnification
account, which states that high EF older
adults should show the strongest training
and transfer benefits. Again, this study
underscores the importance of taking
individual differences into account in
ageing studies. Especially in intervention
studies, it is crucial to match the difficulty
of the program to the cognitive ability of
the trained individual.

Discussion
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Due to the vast improvements in health
care over the last decades, normal adults
can now live up to 100 years. At the same
time, it has become clear that it is not only
the physical body that declines with ageing,
but that our brains are also susceptible to
the effects of ageing, resulting in cognitive
decline. Although in general, it is not
challenging for older adults to have a
physical hip or shoulder replacement, it
is not possible at this moment to have
their memory function replaced. For the
requirement of improving the quality of
life at old ages and to reduce the social
burden to our society, there is an urge
to understand cognitive ageing and to
develop interventions for it.
Over the past several decades,
psychologists, neurologists and other
neuroscientists aim to understand
cognitive ageing by comparing older
adults with younger adults. However,

when it comes to developing possible
interventions, this framework can be
insufficient. One simple analogy is that
when people are sick, their states are
compared with normal healthy people
(e.g., elevated body temperature) and
those people are tagged with “being sick”.
However, it is not enough for a doctor
to give prescriptions only by seeing the
label “sick” because, obviously, different
diseases have different causes and
treatment has to be prescript with caution
depending on each patient’s medical
history. Regarding the development of
an effective “treatment” for cognitive
ageing, the same steps have to be taken,
because there can be a variety of causes
for the same type of cognitive decline. For
example, ‘normal’ ageing-related episodic
memory decline – that is, in the absence of
neurodegenerative disease – is associated
with decline in resources (i.e., reduced
processing capacity and efficiency) and

memory binding (i.e., difficulty in making
associations spontaneously) (Daselaar &
Cabeza, 2013; Old & Naveh-Benjamin,
2008; Tromp, Dufour, Lithfous, Pebayle,
& Després, 2015; van Geldorp, Parra, &
Kessels, 2015). More importantly, the
time course of cognitive deterioration
resulting from ageing is heterogeneous
across individuals: some older adults
are able to maintain a high level of
functioning while others exhibit severe
cognitive impairments, for example,
memory loss (Christensen et al., 1999;
Wilson et al., 2002).

As illustrated in Figure 6.1, this thesis
focused on the resource-deficit origin of
ageing-related episodic memory decline
which causes the efficiency and capacity
issues. Targeting the efficiency issue, we
provided embedded aids (environmental
support) in the memory encoding
phase. By applying a cognitive training
approach, the aim was to solve both of
the issues. Most importantly, the impact
of individual differences in EF on these
approaches was studied. As indicated by
the CRUNCH model, it is essential to
keep individual’s cognitive capacity in
mind.
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Figure 1:
The framework of effective interventions for age-related episodic memory decline.

Methodological and Theoretical Considerations and Future Directions
The plasticity of brain capacity and
efficiency

Cognitive ageing is more often than not
in companion with negative forms of
plasticity, such as the adverse effects of
neural and functional decline (Cramer
et al., 2011). On the other hand, an
increasing number of studies have
shown a form of “positive” plasticity.
For example, compared to young adults,
it has been well documented that older
adults display greater activation or
additional recruitment of prefrontal and/
or parietal brain regions (Angel et al.,
2011; Gutchess et al., 2005). Moreover,
overactivation has been reported in the
form of bilateral rather than unilateral
recruitment of these brain regions in older
adults (Cabeza, 2002; Cabeza & Dennis,
2012). These different brain activation
patterns are usually linked to better or
‘youth-like’ behavioural performance
and are summarized as compensatory
processes (Reuter-Lorenz & Park, 2014).
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As shown in Figure 6.1, cognitive
ageing is suggested to be associated with
functional decline in both cognitive
capacity and efficiency. However, the
question how exactly the different types
of compensatory process (activation,
recruitment) are related to these aspects of
functional decline remains to be answered.
One possibility is that the amplitude of
activation simply represents efficiency and
additional recruitment of brain regions
reflects a compensation for decreased
capacity. In Chapter 5, we found that
older adults with higher EF have greater
neural activities associated with successful
memory events. Linking to the efficiency

hypothesis in Chapter 3 that older adults
with relatively high EF could target their
attentional resources towards more useful
information processing, we suggest that
greater activation might indeed represent
higher efficiency. Although sometimes it
is claimed that decreased neural activity
(at comparable performance levels)
means greater efficiency (e.g. Heinzel et
al., 2014), we argue that in our design,
the contrast between remembered and
forgotten items revealed neural processes
that are only associated with successful
memory performance, which means
these are all “effective” neural activities.
Therefore, greater “effective” neural
activity represents higher efficiency.
However, the present thesis does not
directly speak to the issue of the relation
between overactivation and capacity,
which requires future studies.
Another form of “positive” plasticity
might originate from cognitive training.
Many studies have examined structural
and functional neural changes in older
adults before and after participating in
a cognitive training program (Bäckman
& Nyberg, 2013; Heinzel et al., 2014;
Lustig et al., 2009;). Though it has been
debated whether cognitive training has
an effect at all, it is still questionable in
those studies which reported beneficial
effects of training (Anguera et al, 2013;
Dahlin et al, 2008; Shah et al., 2017)
that through which aspect of cognitive
ageing does training help. Is it by adding
more cognitive capacity? Or by increasing
efficiency of the brain? The answer to
this question cannot be given within the
scope of this thesis, but many criticisms
towards cognitive training regard the

effectiveness of training programs as the
incensement of subject’s strategy use or
the overall speed, and put the equivalent
of cognitive capacity and cognitive
functions to a ‘muscle’ that can be
enhanced by training into question. Also
the transfer of improved performance
on tasks to domains that are not trained
is often limited. In the future, more
empirical studies are needed to verify
the effectiveness of the cognitive training
approach and the mechanism underlining
the effectiveness. These studies should also
include a control condition, preferably
consisting of participants performing
some non-adaptive version of the task
used in the target, training group.
Beyond ‘CRUNCH’
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The Compensation-Related Utilization of
Neural Circuits Hypothesis (CRUNCH)
frames the different brain activation
patterns of older adults in the context of
cross-sectional studies as compensatory
processes. A similar perspective is taken
in the ‘Scaffolding Theory of Ageing and
Cognition’ model (STAC, Park & ReuterLorenz, 2009) and later the revised
STAC model (STAC-r, Reuter-Lorenz &
Park, 2014). CRUNCH has advantages
in explaining both under- and overrecruitment of brain activations during
task performance, since it proposes that
the extent to which an ageing brain can
compensate by involving more neural
activation is dependent on the cognitive
capacity of the individual involved. It is
especially beneficial in explaining results
in the current thesis. However, in terms
of number of factors assumed to affect
compensation mechanisms, it is rather
limited in comparison with the STAC or
STAC-r model. The STAC model makes

distinct and confirmable predictions
regarding the influence of different
structural and functional brain variables
on the compensatory processes, and the
STAC-r model incorporates other life
course factors that can have direct effects
on the development of compensatory
scaffolding,
such
as
intellectual
engagement, fitness, multilingualism,
stress, toxin exposure, etc., whereas the
CRUNCH model only summarizes
the general influence of the individual’s
cognitive capacity and cognitive load of
the ongoing task. One limitation of the
current thesis in this framework is that
we only took EF as a general indicator
of the individual’s cognitive capacity, and
did not investigate other attributes of life
course factors. Moreover, even within
the scope of EF, one could argue that the
neuropsychological tests applied in our
studies do not cover all aspects of executive
functioning (e.g. task switching, strategy
use). Future studies should incorporate a
larger dimension of individual differences.
Besides the theoretical limitation of the
CRUNCH model, I would like to note
the somewhat limited neural evidence
of this model that could be provided by
this thesis. One of the temptations of
the fMRI study described in Chapter 4
was to localize (in the brain) the onset
of the CRUNCH-predicted pattern
when cognitive effort increases. Hence, a
similar experimental design as in Chapter
2 and 3 was used in this study. However,
we failed to investigate this issue because
the CRUNCH-like pattern was not
replicated in the behaivoural results.
The reason is that we changed the trial
duration of the encoding paradigm from
self-paced to a fixed duration of 3500
mm. This adaptation was implemented to

prevent the confounding of trial duration
on the BOLD signal. However, due to
this alteration, we could not capture
the cognitive effort devoted to each trial
adequately since previously we used the
decision-making time as an index of
effort. With a fixed duration, it is hard
to say what participants actually did
after the semantic decision was made.
The remaining time gave them chance to
reflect their decisions or simply to mind
wandering.
Individualized ageing model and
personalized intervention
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A primary aim of this thesis is to draw
attention to the necessity of considering
individual differences in ageing studies.
Although for reasons of limited resources
the current studies adopted a crosssectional approach, the most powerful
tool in studying the cognitive ageing path
is through longitudinal studies. Luckily,
the blossoming of digitalized methods
has provided us with more feasibility in
tracking longitudinal data (Mahrt &
Scharkow, 2013), which is especially
beneficial considering the large amount of
life course factors that could affect ageing
progress and the existence of a large
heterogeneity in the ageing population.
Equipped with data-mining techniques

and big data analyses, more aspects of
individual factors can be analyzed and
clustered, and ample opportunities are
provided for understanding causes of
cognitive ageing.
As mentioned earlier, different types of
cognitive decline are presented differently
within the ageing population, and even
the same type of cognitive deficit can have
different origins. A limitation of this thesis
is that most of the elderly participants
that we examined were well educated and
had relatively intact cognitive functions.
To study the diversity of cognitive ageing,
I suggest future studies should take a
broader range of the ageing population,
tracking longitudinal data of many life
course factors at the same time, and
forming an individualized ageing model
of each individual. For example, recording
information from multiple dimensions,
such as cortical thickness, white matter
integrity, psychical exercise, social
interactions, intellectual engagement, and
stress levels, of the individual subject, and
at the same time, monitoring changes in
different cognitive functions over time.
After identifying a significant influence of
certain factors, personalized interventions
can be developed, aimed at counteracting
these influences.

Conclusion
The current thesis shows that episodic
memory performance of older adults can
be improved by using embedded aids in the
ongoing task. Older adults with relatively
high executive functioning take the most
advantage of these aids, suggesting that
they are able to direct limited resources to
a more efficient information processing.
Evidence for this suggestion was found
by the predictive effect of EF on neural
activities associated with successful
memory events (the E/R flip), and by the
fact that older adults with relatively low
EF displayed a CRUNCH-like pattern
when task demands were beyond their
cognitive capacity. This thesis underlines

the significant influence of individual
differences in ageing studies and provides
more insights for interventions that aim
to eliminate ageing-related episodic
memory declines. More specifically,
caution needs to be taken when providing
older adults interventions. An essential
step is to first evaluate the individual’s
cognitive capacity and provide matched
intervention methods. In addition, close
performance monitoring is essential to
assess the point at which the individual
reaches the CRUNCH threshold. Future
studies should include a broader range of
the elderly population and simultaneously
investigate more life course factors.
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APPENDICES

Appendix to Chapter 3: MB as covariate
Apart from EF, memory binding (MB)
is another major function that should be
considered in the context of individual
differences in episodic memory aging.
The MB-deficit hypothesis postulates
that age-related memory deficits are the
result of difficulties in binding features
that constitute a coherent representation
of episodic memory (Naveh-Benjamin,
2000). Evidence from both behavioral
and neuroimaging studies suggest agerelated deficits in both EF and MB,
which are assumed to be two independent
paths leading to episodic memory decline
(Daselaar & Cabeza, 2013; Old &
Naveh-Benjamin, 2008; Tromp, Dufour,
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Lithfous, Pebayle, & Despres, 2015;
van Geldorp, Parra & Kessels, 2015).
However, studies have reported a positive
correlation between EF and MB (Daselaar
et al., 2015). To control for individual
differences in MB, in this study, we
included neuropsychological tests for MB,
the score of which was initially applied
as a covariate in the statistical analyses.
However, including MB as covariate did
not yield significant main or interaction
effects involving this factor, and the
results did not change when excluding
MB as covariate. Therefore, MB was not
included as part of the reported analyses.
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NEDERLANDSE SAMENVATTING
De cognitieve achteruitgang die wordt
waargenomen bij oudere mensen, zoals een
afname van de verwerkingssnelheid, het
executief functioneren en het episodisch
geheugen, is op grote schaal onderzocht
en beschreven. Dit fenomeen wordt in
wetenschappelijk
onderzoek
meestal
omschreven als ‘cognitieve veroudering’.
In de afgelopen decennia is een aanzienlijk
aantal onderzoeken uitgevoerd naar de
mechanismen achter deze cognitieve
veroudering. Hoewel de onderliggende
oorzaken nog steeds niet volledig duidelijk
zijn, stelt de ‘frontale verouderingstheorie’
dat cognitieve veroudering gepaard gaat
met een verlaging van zowel de efficiëntie
als de capaciteit van het menselijk brein.
Het huidige proefschrift probeert, op
basis van de frontale verouderingstheorie,
compensatiemethoden die gericht zijn op
deze twee aspecten nader te onderzoeken en
in te zetten om enkele van de effecten van
veroudering op het episodisch geheugen
van oudere volwassenen tegen te gaan.

De eerste studie, beschreven in
hoofdstuk 2, valideert de effectiviteit
van hulpmiddelen die zijn ingebed in de
coderingstaak en die als ‘geheugensteun’
kunnen dienen, waarmee de episodische
geheugenprestaties van oudere volwassenen
kunnen verbeteren. Op basis van de ‘niveauvan-verwerkingstheorie’ werd verwacht dat
diepe of semantische verwerking tijdens
een taakuitoefening
tot persistentere
geheugensporen kan leiden. Daarnaast
werd ook ‘cognitieve inspanning’ als
variabele toegevoegd aan het design door
manipulatie van taakmoeilijkheid. De
resultaten bevestigen het gunstige effect
van hogere niveaus van verwerking en
cognitieve inspanning op episodische
geheugenprestaties, bij zowel oudere als
jongere deelnemers. Bovendien hadden
oudere volwassenen extra voordeel van
meer cognitieve inspanning als de codering
diep of semantisch was: zij bereikten zelfs
een geheugenprestatie die niet verschilde
van dat van de jongere deelnemers.
De tweede studie, beschreven in
hoofdstuk 3, richtte zich op de vraag
wiens geheugenprestatie het meest gebaat
is bij een ‘ingespannen’ codering: ouderen
met een relatief sterk of zwak executief
functioneren. De resultaten lieten zien dat
ouderen die hoog scoorden op executief

91

Chapter 6
Samenvatting

Traditionele studies beschouwen hun
populatie meestal als een homogene groep,
waarbij de prestaties van oudere volwassenen
direct vergeleken worden met die van
jongere volwassenen. Dit proefschrift
houdt rekening met individuele verschillen
en de heterogeniteit in cognitieve functies
van de oudere bevolking, vooral op het
gebied van executief functioneren. Dit
proefschrift is geïnspireerd door het
CRUNCH-model dat is ontwikkeld op
basis van neuroimaging-onderzoeken.
In dit kader zijn vier empirische studies
uitgevoerd. De eerste drie concentreerden
zich op het compensatiemechanisme bij
het gebruik van hulpmiddelen die zijn

ingebed in lopende coderingstaken, die
als doel hebben om de efficiëntie van de
verouderende hersenen te verbeteren. De
vierde studie probeerde de effecten van
individuele verschillen in het compenseren
voor de beperkte capaciteit te bevestigen
door cognitieve training bij oudere
volwassenen te gebruiken.

functioneren, en dus vermoedelijk over
een cognitieve reserve beschikken, gebruik
kunnen maken van de in de taak ingebedde
hulpmiddelen. Het CRUNCH-model
stelt dat de mate waarin de hersenen
kunnen compenseren beperkt wordt door
de aanwezige cognitieve capaciteit. Deze
studie laat zien dat het voordeel van het
bevorderen van cognitieve inspanning
beperkt is voor oudere personen met een
relatief beperkt executief functioneren. Deze
bevindingen geven aan dat het CRUNCHmodel valide is en benadrukken de impact
van individuele verschillen in onderzoek
naar veroudering.
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Hoofdstuk 4 beschrijft de derde
empirische studie, die een verdere
uitbreiding is van de eerste twee studies.
In deze studie werd de neurale basis van
de associatie tussen individuele verschillen
in executief functioneren en episodische
geheugenprestaties met behulp van fMRI
onderzocht. De resultaten bevestigen
dat sterkere executieve functies
bij
volwassenen, die vermoedelijk wijzen op
een hogere efficiëntie in het gebruik van
beperkte cognitieve middelen, significant
en positief geassocieerd zijn met E/R-flipgeassocieerde neurale activiteit. De E/R-flipgeassocieerde activiteit wordt beschouwd
als een mogelijk neuraal mechanisme voor
succesvolle geheugenprestaties.
In hoofdstuk 5 zijn de resultaten van
hoofdstuk 3 als uitgangspunt genomen om
voorspellingen uit het CRUNCH-model in
het kader van cognitieve training te testen.
Dit hoofdstuk gaat in op de vraag welke
ouderen het meeste baat zouden hebben
bij een cognitief trainingsprogramma:
ouderen met relatief sterke, of ouderen
met relatief zwakke executieve functies.

De hypothese dat ouderen met een lager
executief functioneren een CRUNCHachtig patroon laten zien tijdens de training
van een alpha-span-taak werd bevestigd.
Dit zou kunnen verklaren waarom er
geen gunstige effecten van training op het
uitvoeren van een overdrachtstaak werden
gevonden in deze groep. Vergelijkbaar
met wat werd gevonden in hoofdstuk 3,
waren de resultaten van deze studie in
overeenstemming met andere studies
die stellen dat ouderen met een relatief
sterk executief functioneren de grootste
trainingen
overdrachtsvoordelen
zouden moeten laten zien. Deze studie
onderstreept nogmaals het belang van
het rekening houden met individuele
verschillen in oudere populaties. Vooral
in interventiestudies is het van cruciaal
belang om de moeilijkheidsgraad van het
programma af te stemmen op het cognitieve
vermogen van het getrainde individu.
Het huidige proefschrift verschaft inzicht in
factoren die een verouderings-gerelateerde
achteruitgang in het episodische geheugen
kunnen verlichten. Het onderstreept vooral
de significante invloed van individuele
verschillen in verouderingsstudies en
biedt opties voor gerichte interventies.
Met betrekking tot dit laatste is het van
essentieel belang om eerst de cognitieve
capaciteit van het individu te evalueren om
vervolgens correcte interventiemethoden
aan te bieden. Bovendien is een nauwkeurige
bewaking van de prestaties van groot belang
om te bepalen op welk moment de persoon
de CRUNCH-drempel bereikt. Voor
toekomstige studies wordt aanbevolen om
een bredere range van individuen in de
oudere bevolking te includeren en om meer
levensloopfactoren te onderzoeken.

人类老年时期认知功能的退化，诸如反应速度变慢，
中央执行功能退化，记忆能力衰退被个体广泛的报
告。此现象在科学研究领域被普遍称之为认知老化。
在过去的几十年中，曾有无以数计的研究被投入到认
知老化的机制研究中去。尽管其中的奥秘还未拨云见
雾，前额叶老化的理论给我们提供了宝贵的信息。根
据这个理论，认知老化常常伴随能力和效率的下降。
在这个项目中，我们试图从能力和效率两个方面找到
相对应的补偿机制，以此来试图扭转由年龄带来的记
忆力衰退问题。
和以往的组间比较不同，本研究不是直接假设老年群
体存在较大共性，把老年人群体作为一个组来和年轻
人组作比较，而是从神经镜像研究中的CRUNCH 模
型得到启发，考虑到老年人之间较大的个体差异，用
中央执行功能来衡量这种差别，以此把老年人当成不
同的个体来比较。为了达到研究目的，我们进行了四
项实验。前三项实验广泛而深入地研究了以在记忆编
码任务中加入潜在的加工信息的方式而进行的补偿机
制，以提高老年人的认知加工效率。第四项研究尝试
运用认知训练来补偿由老化带来的能力和效率的双重
下降，并从个体差异的角度来衡量训练的有效性。

第三章章节描述的第二项实验研究扩展了第一项研究
成果，引入了个体差异在此类研究中的重要性。具体
来说，这项研究回答了在记忆编码中加入潜在加工信
息方式这种补偿机制对谁更有作用的问题，该项研究
关注中央执行功能在老年群体中的差异。结果表明，
高执行功能老年人能够更多的从这种补偿中获益。这
可能是由于该群体保有更多的认知资源。对比之下，
在中央执行功能相对较弱的另一组老年人中出现了行

第四章节描述了第三项实验研究。此实验进一步拓展
了第一和第二项实验。应用脑核磁共振扫瞄技术，该
实验考察了个体在中央执行功能中的差异与情节记忆
相关的认知神经机制。多重回归分析确认了中央执行
功能较高的老年个体，保有对有限认知资源较高的加
工效率。这一点显著的体现在更强的编码提取相反的
脑神经活动上。编码提取相反的脑活动被认为是一种
反映有效加工记忆信息的衡量标准。
在第五个章节中描述了第四项实验研究。此项研究建
立在第二项实验的基础上，将由CRUNCH模型推论而
来的个体差异应用在认知训练领域。具体来讲，第五
章回答了一个重要的问题，即：由中央执行功能予以
区分，哪个群体更能从认知训练中获益。结果证实，
低执行工能组在字母广度这项训练中出现了类似于
CRUNCH的趋势，即，训练成绩不断提升，但到达一
定程度后，出现显著下滑趋势。这或许能够解释为什
么该组老年人经过训练后其效果并没有迁移到其他任
务中去。和第三章中研究发现类似，该结果符合放大
效应学说，该学说认为中央执行功能较佳的老年人能
够更好的从训练中获益并且将训练成果迁移到其他方
面。该研究再一次证明了个体差异在认知老化研究中
的重要性。特别是在设计干扰研究时，应该考虑到个
体自身的认知功能，将实验条件与受试者的认知功能
相匹配，从而达到最佳的实验效果。
总结来说，这部论文为认知老化研究提供了更多的
实证数据，并强调了个体差异在寻找提高老年人记
忆力良方中的重要性。具体来说，在为老年人设计
相应的训练方式时，应该特别考虑到老年人个体自身
的认知能力。例如首先评估个体认知功能水平，其
次设计相应难度的训练任务。另外，在训练过程中，
应密切关注老年人的表现，及时发现训练成绩拐点
（CRUNCH）的出现并及时作出相应的对策。在未来
的研究当中，研究者可以考察更具多样性的老年群
体，同时关注与老年人日常生活相关的一些因子，以
此来更好的研究由个体差异带来的影响。
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第一项实验研究描述在第二章节中。它确认了在记忆
编码任务中加入潜在的加工信息的方式的补偿机制。
值得一提的是，根据加工层级理论，我们在编码任务
重植入了深层语义加工的潜在暗示，以此来帮助受试
者形成更加稳定的记忆线索。另外，我们还在编码任
务中增加了认知投入这一变量。研究结果肯定了这一
变量的正面作用。随着认知能量投入的增加，老年人
和年轻人都对信息得到了更好的加工，从而提高了在
记忆任务中的表现。让人惊喜的是，在深层语义加工
任务当中，随着老年人认知投入的增加，他们可以表
现的和年轻人一样好。这一发现刚好印证了环境补偿
说，也恰恰证明了我们在编码任务重加入潜在加工信
息来作为补偿机制的有效性。

为学上的CRUNCH发展趋势。CRUNCH模型认为大脑
的补偿机制受到其自身认知能力水平的限制。在这项
研究中，我们观察到随着认知资源投入的加大，当
任务难度达到一定水平时，低执行功能者不能在从该
项补偿中获益。这些研究结果为CRUNCH模型提供了
实验认证，并强调了个体差异在认知老化研究中的
重要影响。
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