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Abstract



Human cognitive functions are not determined from 
birth, but are plastic and can be altered by environ-
mental factors. The promising idea of a cognitive 
intervention that would improve memory func-
tioning has attracted a lot of attention over the 
last decades. By taxing memory functions through 
repeated training, researchers try to demonstrate 
improvement in the trained or other functions. How-
ever, people do not profit equally from these training 
regimes and their effect on brain integrity also differs 
between persons. In this thesis, I explore factors related 
to individual differences in cognitive training response, 
and their effects on the brain. The first part of the thesis 
concerns training of working memory (wm), and whether 
training-induced performance increases are influenced by 

certain genetic variations. The genetic variations studied 
are confined to genes related to the neurotransmit-

ter dopamine (da), which is related to cognitive 
performance. In Study I, we investigated the 
effect on wm training gains of single nucleo-
tide polymorphisms (snps) in the lmx1a gene, 
previously linked to Parkinson’s disease (pd). 

This gene is important for the development of da 
neurons. For one of the snps, we found that over the 

course of four weeks of wm training, the two genotype 
groups showed a differential pattern of gain, such that 

those participants carrying the allele associated with 
a lower risk of pd showed larger gains. In Study II, we 



examined if three da related snps were associated with 
gain in several cognitive abilities, after 100 days of broad 

cognitive training taxing wm, episodic memory (em), 
and perceptual speed (ps). The first one was the lmx1a 
snp that was found to be linked to wm training gains 
in Study I. The second was a snp in the drd2 gene, im-
portant to striatal da availability. The third was a com-
monly studied snp in the comt gene, coding for the 
enzyme that degrades da cortically. We found that 
only the comt snp had an effect on training gains, 
and only for wm. The second part of this thesis 

focus on em function, more precisely associative 
memory; if it could be trained, and what effects 

training may have on brain structure. In Study III, we 
explored process-based associative-memory training for 

older adults. Participants underwent six weeks of training 
on several different associative-memory tasks, with trans-
fer tasks administered before and after training. An active 
control group underwent the same training, but practiced 
only on item memory tasks. No intervention effects were 
found for associative memory or the far transfer mea-
sures; however, the associative-memory training group 
showed larger gains than the controls on an item 
memory task. In Study IV, we used vocabulary 
learning as a way of studying associative-memo-
ry training. Participants studied a new language 
and their knowledge, effort, and cognitive capacity 
were measured. Before and after training, participants 



underwent structural magnetic resonance imaging 
(mri). We found that, compared to a control group, 
language learners showed increased grey matter (gm) 
volume in hippocampus. Furthermore, this volume 
increase was predicted by baseline capacity on a 
task measuring short term memory. Collectively, 
these studies show that the variability in training 
gains is not only noise, but rather meaningful 
variations that could be used to further our 

understanding of what factors determine 
the capacity for plastic change, both in 

brain and in behavior.
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1 Introduction

From infancy throughout childhood, the number and breadth of 
skills acquired are astonishing. This is made possible by a mal-
leable brain, shaped by the interplay between genetic and envi-
ronmental factors. The way in which the brain can be influenced 
by the environment, to change its organization and functioning, 
is interesting not only from a developmental perspective, but 
also because, if plastic changes routinely take place during the 
early stages of life, it is possible that these changes can be trig-
gered later in life. 

An intervention that could modify memory functions would 
have a huge impact if it is feasible when it comes to time and 
effort. For example, consider the memory decline in aging, 
sometimes leading to dementia. If memory functions could be 
improved, and this decline could be postponed by a few years, 
this would decrease the number of people suffering from these 
problems, hopefully increasing their independence and well-be-
ing. Or, think of general intelligence, a psychological construct 
that is highly predictive of educational and occupational success. 
If there are ways of influencing intelligence, the impact could be 
enormous. These visions motivate research into what is termed 
plasticity, and are key impetuses for the research pursued in this 
thesis. In the following, I will begin by giving an overview of the 
concept of plasticity and the way it is usually studied, before fo-
cusing specifically on the case of memory plasticity.

1.1 Plasticity
The term plasticity has witnessed an increased use within the 
field of psychology and cognitive neuroscience in recent years. 
It is not a new term, however; the first modern use of plasticity 
dates back to William James (1890), although its meaning has 
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changed considerably since then. When James wrote about 
plasticity, the basic architecture and functioning of the central 
nervous system were largely unknown. Since the introduction of 
the term, it has been further developed in the writings of, for ex-
ample, Tanzi, Lugaro, Cajal, and Hebb (see Berlucchi and Buch-
tel, 2009, for a historical overview of the meaning of plasticity). 
Even though the use of the term has changed a lot since it was 
first introduced, it is still not used in a consistent way in the cur-
rent literature. Rather, it has been taken to denote a wide range 
of changes in both brain and behavior.

When I use the term plasticity, I will for the most part fol-
low the framework introduced by Lövdén et al. (2010). Here, the 
term plasticity denotes the capacity for change of the possible 
range of functioning. One key distinction in this framework is 
the distinction between plasticity and flexibility. Whereas flexi-
ble change reflects alterations between the functional states that 
the current system permits (functional supply), that is the possi-
ble range of functioning, plasticity reflects changes of this range. 
Flexibility is the fast response in the face of a change in environ-
mental demands; plasticity is slower and triggered by a change 
in environmental demands during a longer period of time and 
an insufficient functional supply to match increasing demands.

A concrete example is the sudden reduction of functional 
supply by a brain trauma such as stroke. The trauma may force 
the system to adapt to the demands by first trying to flexibly 
solve various tasks in new ways, putting strain on the system 
which may now work at the limits of its reduced functional sup-
ply. After a longer period of time, plastic changes may start to 
appear, that is the functional supply increases and enables the 
system to solve the same tasks with less effort, and the loss of 
function caused by the trauma is reduced. Another example is 
trying to improve a cognitive function, such as working memo-
ry (wm), by training. The training may increase the functional 
demands, and the system would flexibly adapt to this increase. 
After a longer period of training, plastic changes may increase 
the functional supply, so that the capacity to retain information 
in wm is increased.

1.2 Cognitive training
Plasticity in cognitive functions is commonly studied empiri-
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cally using training regimes, in which participants train one or 
many cognitive functions for a prolonged period of time. Per-
formance increases attributed to plastic cognitive changes can 
be subdivided into two categories: changes in knowledge or rep-
resentations and changes in processes. Changes in knowledge 
or representations can be to learn stimulus-response mappings, 
test-taking strategies, or content-related strategies. Changes 
in processes denote alterations in the mental process of inter-
est (Lövdén et al., 2010). In the cognitive training literature, 
this is mirrored by the distinction between strategy-based and 
process-based training. Strategy-based training typically fo-
cuses on teaching strategies that may help in performing the 
task at hand, without affecting the ability per se. By contrast, 
process-based training targeting, for example, wm seeks to 
improve the actual ability, thereby affecting performance on 
tasks that depend on the ability in question. The distinction is 
illustrated by thinking of observed cognitive performance as 
determined by a multitude of factors, including basic abilities, 
motivation, test familiarity, test anxiety, and strategy use. This 
point is illustrated in Figure 1. Process-based training targets the 
abilities at the top of the figure, wm and episodic memory (em). 

Figure 1. Schematic 
illustration of how cognitive 
performance could be 
determined. The boxes 
represent observed task 
performance and the circles 
denote latent factors that 
cannot be measured direct-
ly. The arrows represent the 
influence of a latent factor 
on cognitive performance.
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Strategy-based training can add or improve strategies like that 
represented in the bottom right of the figure, mental imagery. 
In this example, the mental-imagery strategy only affects two 
of the three tasks included in the figure, illustrating that the use 
of strategies is often restricted to specific tasks and materials. It 
should be noted that, in practice, process-based training is never 
pure. Participants can develop strategies and acquire knowledge 
relevant to the task even if those are not given explicitly by the 
experimenter.

The studies in this thesis explore process-based training; 
therefore, I will focus on this type of training in the following, 
although I will give a short description of strategy-based train-
ing. Next, however, I will discuss how the effects of training can 
be measured.

1.2.1 Measuring the effects of training
When administering a cognitive training regimen, improvement 
on the trained task is almost always observed. However, it is im-
possible to determine what this improvement reflects without 
additional measures. This is so because performance is the prod-
uct of multiple factors, such as cognitive ability, test familiarity, 
motivation, test anxiety, and strategy use, as illustrated in Fig-
ure 1. As the performance in itself does not permit conclusions 
about what caused the change, more intricate analyses need to 
be employed. Usually, a different task is administered before and 
after training, which is not part of the training but measures the 
same ability. The logic behind this is that if improvement is seen 
in a task that was not trained, the ability itself must have been 
altered. Depending on the specific ability targeted, it can some-
times be expected that other closely related abilities would also 
improve, that is training effects would transfer to these other 
abilities. Transfer tasks differ in their distance to the criterion 
task on a near to far transfer continuum. It has been suggested 
that the level on which the criterion and transfer tasks are relat-
ed in the structure of human cognition should be the basis for 
the categorization of transfer distance (Noack, Lövdén, Schmie-
dek, & Lindenberger, 2009). This structure is hierarchically 
organized, with general intelligence at the top level. General 
intelligence is related to a number of broader abilities, and each 
broader ability is in turn related to a number of narrow abilities 
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(Carroll, 1993). Transfer within the same narrow ability would 
then be considered near, transfer between two narrow abilities 
belonging to the same broad ability can be termed intermediate, 
and transfer between two narrow abilities belonging to different 
broad abilities would be considered far transfer.

One problem with the common routine of only administering 
a different task measuring the same ability is that tasks can share 
some of the non-cognitive factors that affect the test scores (e.g., 
strategies, task familiarity, motivation). As a result, it is difficult 
to tell whether the tasks are correlated because they tap the same 
ability or because they are influenced by the same non-relevant 
factors. A way to resolve this dilemma is to use a latent-measure-
ment approach. By using multiple tasks that measure the ability 
of interest and that differ in as many other dimensions as possi-
ble (e.g., modality, type of materials, set size, presentation rate), 
it is possible to construct a latent factor for the ability. This kind 
of model separates the task score variance into common vari-
ance for all tasks, which purportedly measures the desired abili-
ty, and task-specific variance, which captures all variance that is 
specific to a given task. The latent measure captures all variance 
that is common to the tasks used, and because measurement 
error is assumed to be task-specific, this latent factor is an error 
free measure of the ability. If an increase following training is 
demonstrated at the latent level, it is likely due to a true effect on 
the ability. This is so because it is unlikely that the diverse tasks 
used to construct the latent measure would be affected by the 
same non-task related knowledge and processes. This approach 
is rarely used in current cognitive training research, a major rea-
son being that it requires relatively large sample sizes, which is 
often unfeasible, given constraints in time and money. 

Note also that transfer tasks are not only administered to de-
termine which abilities are improved or not, but also with the 
more pragmatic motive to investigate how general the effects of 
training are (for a taxonomy of transfer from this perspective, 
see S. M. Barnett & Ceci, 2002). For example, if it can be shown 
that wm training reduces everyday symptoms of attention defi-
cit hyperactivity disorder (adhd), which some authors claim 
(Klingberg et al., 2005; Klingberg, Forssberg, & Westerberg, 
2002), this would be an important accomplishment even if the 
exact pattern of transfer remains poorly understood.
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1.2.2 Strategy-based training
Strategy-based training aims at teaching participants a strategy 
that will help them performing various cognitive tasks. This ap-
proach has primarily been used regarding em, and can focus on 
aiding both encoding and retrieval. Meta-analyses indicate that 
this type of training improves performance on the trained task 
(Gross et al., 2012; Verhaeghen, Marcoen, & Goossens, 1992). 
However, the effects of strategy-based training are limited to the 
specific task trained or to very similar ones (Jones et al., 2006; 
Stigsdotter Neely & Bäckman, 1995). This is likely so because 
strategies for specific tasks are usually inflexible and hard to 
apply to the wide range of situations in which new memories are 
formed. In addition, strategy-based training involves intentional 
encoding (which is required for strategy use). Therefore, it might 
not affect incidental encoding that is characteristic of everyday 
remembering (e.g., Kausler et al., 1986; Kausler and Wiley, 1991).

1.2.3 Process-based training
Process-based training, on the other hand, aims at improving 
the efficiency of basic cognitive processes, by administering 
repeated training without providing a strategy, and often by 
using tasks and materials that minimize the probability that 
participants use strategies spontaneously. This type of training 
has been used for improving various cognitive abilities such as 
wm (Klingberg et al., 2002), executive functions (Karbach & 
Kray, 2009), attention (Sohlberg & Mateer, 1987), and intelli-
gence (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008). So far, the 
evidence for the effectiveness of these kinds of interventions is 
mixed. This thesis concerns process-based memory training, 
more specifically, wm and associative em. I will continue by de-
scribing these two types of memory in relation to process-based 
training.

1.2.3.1 Working memory and working-memory training
To explore the extent to which cognitive functioning can be 
trained and how broad the effects are is not a new area of re-
search (Kramer, Larish, & Strayer, 1995; Sohlberg & Mateer, 1987; 
Woodworth & Thorndike, 1901). However, the field was revived 
following some very promising results with computer-based wm 
training in the beginning of the new millennium (Klingberg et 
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al., 2005, 2002; Olesen, Westerberg, & Klingberg, 2004). These 
studies focus on training of wm, a function that holds limited 
amounts of information for short time periods while processing 
it and performing operations on it (Baddeley, 1992, 2000). wm 
is a fundamental part of our cognitive apparatus and is strong-
ly related to fluid intelligence, the non-verbal and knowledge- 
independent ability to solve novel problems (Engle, Tuholski, 
Laughlin, & Conway, 1999). The reason for trying to improve 
wm was both because of its importance to cognition in general, 
but also because of a focus on children with adhd, where wm 
deficits constitute a cardinal symptom. In these studies, both 
healthy young adults (Klingberg et al., 2002; Olesen et al., 2004) 
and children with adhd (Klingberg et al., 2005, 2002) showed 
training-related wm improvements. Additionally, participants 
showed transfer to a measure of fluid intelligence and, for the 
children with adhd, a reduction in symptoms of inattention and 
hyperactivity as rated by parents was observed (Klingberg et al., 
2005). These results were seen as particularly impressive, be-
cause not only did they show that wm was malleable and could 
be improved by training, but training of wm also transferred to 
other abilities, such as fluid intelligence. 

After the promising results of Klingberg and colleagues, a 
marked increase in the number of training studies followed. 
More recently, with the field reaching a critical mass, a few meta- 
analyses that focused on different aspects of the literature ap-
peared. One of the early meta-analysis was performed by Mel-
by-Lervåg and Hulme (2013). Having reviewed 23 studies with 
30 group comparisons, the authors concluded that the wm gains 
were not maintained over time and did not generalize, thereby 
questioning the significance of these interventions. However, 
later meta-analyses found wm training to induce transfer both 
in older adults (Karbach and Verhaeghen, 2014; 49 studies with 
61 comparisons) and in younger adults (Au et al., 2015; 20 studies 
with 24 comparisons). The results of these analyses were chal-
lenged by Melby-Lervåg and Hulme (2016), who re-analyzed the 
data, reaching the opposite conclusion. The data from Au et al. 
(2015) were also re-analyzed using a Bayesian approach, which 
showed strong evidence for a training effect when compared 
to passive control groups, but modest evidence for no effect of 
training when compared with active control groups (Dougherty, 
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Hamovitz, & Tidwell, 2016). This would suggest a Hawthorn ef-
fect, where learning to learn, task familiarity, and reduced test 
anxiety could explain the observed pattern. In response to this, 
Au et al. (2016) made the point that it is not the passive controls 
that underperformed in these studies. Rather, they performed 
better than the active controls; it is the training groups that are 
compared to passive controls that increase more. However, this 
argument is based on comparisons between studies, which is 
problematic, as other between-study factors that influence the 
training could correlate with design choices like type of control 
group. Melby-Lervåg, Redick and Hulme (2016) performed the 
most extensive meta-analysis so far, including 87 studies with 
145 comparisons. In this analysis, they, again, concluded that 
the effects produced by wm training are limited to short-term 
improvements that do not generalize.

It should also be kept in mind that general conclusions using 
meta-analytic techniques are complicated by the heterogeneity 
in study designs. Studies differ on dimensions such as which 
abilities are trained, which type of tasks are used, the breadth of 
training, which transfer tasks are administered, length and in-
tensity of training, whether a healthy sample or a clinical sample 
is trained, what kind of control condition is used, and the age of 
participants.

To conclude, the available meta-analyses have not been in 
agreement, and the debate between scholars is still ongoing. On 
balance, however, the evidence suggests that the initial beliefs 
about wm training resulting in widespread cognitive effects may 
have been overly optimistic. For example, even the optimistic 
meta-analysis by Au et al. (2015), where the type of control group 
was not considered, the net transfer effect, measured by the 
standardized mean difference, was 0.24, qualifying as a small 
effect size, according to Cohen’s (1992) criterion.

1.2.3.2 Associative memory and 
associative-memory training

em denotes long-term memory for events located in time and 
space (Tulving, 1983). em can be subdivided into memory for 
single units of information (item memory) versus more complex 
binding of multiple units of information together (associative 
memory; Chalfonte & Johnson, 1996; Davachi, 2006). In every-
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day life, memories are typically complex and require binding of 
several items together, or items and context. In em research, item 
memory has received more attention than associative memory 
(Tulving, 2002). Longitudinal data indicate that, on average, em 
is quite stable until around the mid-60s, when decline begins 
(Rönnlund, Nyberg, Bäckman, & Nilsson, 2005). There are no 
such data for associative memory. However, when comparing 
item and associative memory using cross-sectional data, older 
adults perform much worse for associative memory than for item 
memory when compared to younger adults (Naveh-Benjamin, 
2000; Old & Naveh-Benjamin, 2008; Schacter, Kaszniak, Kihl-
strom, & Valdiserri, 1991; Yonelinas, 2002). Thus, it has been hy-
pothesized that the difference between younger and older adults 
in em largely reflects age-related deficits in binding information 
together (Naveh-Benjamin, 2000). In relating associative mem-
ory to the structure of the brain, volume of the hippocampus 
(hc) has been found to correlate with performance across age 
(Rodrigue & Raz, 2004). A magnetic-resonance imaging (mri) 
study that subsegmented the hc found that larger grey matter 
(gm) volume of the ca3 and dentate gyrus (these could not be 
separated in the subsegmentation) were associated with better 
associative memory performance in older adults (Shing et al., 
2011). In another study on older adults, grey-matter volume in 
frontal cortices was related to associative memory performance 
(Becker et al., 2015). The authors interpreted this result in terms 
of well-performing participants using effective strategies, there-
by relying more heavily on frontal areas.

Associative-memory training is less studied than wm train-
ing. Traditionally, training of em in general, and associative 
memory, in particular, has been strategy-based. There are very 
few process-based training studies that focus on associative 
memory; the increasing interest in process-based cognitive 
training has zeroed in on wm. There is, however, a tradition of 
studying how retention of information can be optimized by in-
creasing the delays over which information has to be remem-
bered (Schacter, Rich, & Stampp, 1985). This inspired Jennings 
and Jacoby (2003) to design a recollection-training regime for 
older adults in which participants had to remember word lists. 
In a subsequent recognition test the words were presented in-
termixed with new words. Importantly, the new words were 

I
N
T
R
O
D
U
C
T
I
O
N



P
L
A
S
T
I
C
I
T
Y 

O
F

M
E
M
O
R
Y 
 
F
U
N
C
T
I
O
N
I
N
G

22

repeated so that, at the second appearance, participants had to 
remember the temporal context of the words in order to respond 
correctly. This training increased the delay over which parti- 
cipants could differentiate old words from the lures (Jennings 
& Jacoby, 2003; Jennings, Webster, Kleykamp, & Dagenbach, 
2005), although transfer to other tasks has been negligible (Sta-
menova et al., 2014).

There are also studies that include associative-memory 
tasks in training batteries. One example is the cogito study 
(Schmiedek, 2010). In this study, individuals trained for 100 
days on multiple tasks tapping wm, em, and perceptual speed 
(ps). Transfer on the latent level to near wm, em and reasoning 
was found for younger adults, while older adults only showed 
wm near transfer. In the battery of trained tasks, there was at 
least one that had an associative component, and the same was 
true for the transfer battery used. In this specific associative em 
transfer task, older adults showed a significant performance in-
crease. Unfortunately, it is impossible to evaluate the effect of 
associative-memory training alone in this study, as the training 
was very broad.

1.2.4 Predictors of training gains
There is marked inter-individual variability in the size of gains 
from cognitive training. The inability of training studies to show 
consistent effects may partly stem from between-person differ-
ences in trainability, with some people not having much room 
for improvement, others improving quite a lot, and still others 
failing to utilize the training. As a result, the average net effect 
may be too small to detect with the usually small samples in cog-
nitive training studies. There is a lot of potentially interesting 
information in this between-person variability that could hint 
at what factors are associated with greater plasticity. In this 
thesis, inter-individual variation in training-induced changes 
is investigated in Study I, II, and IV. In Study I and II, genetic in-
formation is used to predict cognitive training gains. Next, I will 
give a short description of some factors that have been studied 
in relation to the magnitude of training gains, and then discuss 
studies using genetic polymorphisms as predictors of the degree 
of improvement from training.

Predictors of gains have not been the center of attention in 
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training research, but a few different factors have been exam-
ined. One such factor is age, where the findings from studies that 
compare younger and older adults indicate that younger adults 
generally gain more from training than older adults (see von Bas-
tian and Oberauer, 2014, for review). This pattern suggests that, 
although older adults have the potential to improve memory, the 
reserve capacity is still larger in younger adults (but see Karbach 
and Kray, 2009). Another factor is initial level of ability, and 
the question is whether cognitive training is mainly benefitting 
those who already perform at a high level before training (mag-
nification), or if it rather is more helpful to those who are worse 
off (compensation). Extant research suggests that, for process- 
based working-memory training, compensation is the more like-
ly outcome, whereas for strategy-based training, magnification 
is a more common pattern (von Bastian & Oberauer, 2014).

Genetic variations have been used in a few studies to account 
for differences in the ability to profit from cognitive training, 
because genetic factors are important for cognitive functions 
in general. Behavioral-genetic studies demonstrate that hered-
itary factors account for a substantial portion of the variance in 
cognitive performance. The genetic contribution is estimated to 
be 50% or more for wm (Ando, Ono, & Wright, 2001; Friedman 
et al., 2008; Wright et al., 2001), between 30% and 60% for em 
(Papassotiropoulos & de Quervain, 2011), 40% to 80% for ps 
(Posthuma, Mulder, Boomsma, & de Geus, 2002), and 30% to 
80% for intelligence (Deary, Johnson, & Houlihan, 2009). There 
are numerous candidate-gene studies relating specific polymor-
phisms to cognitive functions, and many of these involve dopa-
mine (da)-related genes (Savitz, Solms, & Ramesar, 2006). In 
the following, I describe the links between da, cognition, and 
plasticity.

1.2.5 Dopamine, working memory, and plasticity
da is a neurotransmitter that plays a key role in cognition. This 
has been shown in work on patients with severe da alterations, 
experimental animal work, pharmacological studies, and re-
search using molecular imaging techniques (Bäckman, Linden-
berger, Li, & Nyberg, 2010; Bäckman, Nyberg, Lindenberger, 
Li, & Farde, 2006; Cropley, Fujita, Innis, & Nathan, 2006). da 
seems to be especially important to wm functioning, which 
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may reflect the fact that wm draws on a fronto-striatal circuitry, 
where da plays an important role in controlling the signal-to-
noise ratio in key neural networks (J. D. Cohen, Braver, & Brown, 
2002). 

Dahlin et al. (2008) reported that a letter-updating task activ- 
ated the left caudate to a higher degree after five weeks of train-
ing than before training. The training also transferred to an un-
trained n-back task and, interestingly, an activation increase 
during n-back was found in the same region as for the trained 
task. No striatal activation increase was observed for a Stroop 
task that did not share any activation overlap with the trained 
task before training, demonstrating specificity of the effect. 
Thus, an overlap in neural activity between tasks may be one 
factor underlying transfer, and striatum seems to be important 
in mediating transfer of wm updating training. These results 
were further corroborated by Bäckman et al. (2011), where the 
same training regimen was used. In addition, positron emission 
tomography was employed before and after training to mea-
sure da release. Compared to a control group, participants who 
trained wm updating showed greater increase in da release 
after the intervention, in areas overlapping with those reported 
by Dahlin et al. (2008).

This link between wm training and da activity gives further 
reason to study da-associated genes in relation to wm plasticity. 
Indeed, several genetic variants have been found to influence 
gains from training of executive function (Colzato, van Mui-
jden, Band, & Hommel, 2011), video game play (Colzato, van 
den Wildenberg, & Hommel, 2014), and wm (Brehmer et al., 
2009; Söderqvist et al., 2012; Söderqvist, Matsson, Peyrard-Jan-
vid, Kere, & Klingberg, 2014). Apart from a polymorphism in the 
brain-derived neurotropic factor, the polymorphisms in these 
studies were related to da functioning.

As described above, wm training results in changes in brain 
function. I will end the introductory chapter by turning to em 
interventions, and describe some of the associated structural 
brain changes.

1.2.6 Structural brain changes 
 accompanying episodic memory changes

It has long been known that environmental changes can in-
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fluence the structure of the brain in animals (Bennett, Krech, 
Diamond, & Rosenzweig, 1964; Rosenzweig, Krech, Bennett, 
& Zolman, 1962). This holds also for humans, as shown by re-
search using mri (Lövdén, Wenger, Mårtensson, Lindenberger, 
& Bäckman, 2013; May, 2011). The first study that showed ex-
perience-dependent increases in gm volume in humans using a 
within-subject design was performed by Draganski et al. (2004). 
In this study, participants practicing juggling for three months 
showed increased gm volume in areas relevant for the task (i.e., 
occipital-temporal regions). Since then, different types of cog-
nitive interventions have also been found to influence brain 
structure. 

gm increases in posterior parietal cortex and hc were seen 
after studying for a medical exam (Draganski et al., 2006). Mår-
tensson et al. (2012) compared military conscript interpreters 
learning a new language to matched medical student controls. 
They found gm increases after three months of intensive study 
among the interpreters in several areas important to language: 
left middle frontal gyrus, inferior frontal gyrus, superior tem-
poral gyrus, and hc. The left superior temporal gyrus and right 
hc increases were related to language proficiency post training, 
whereas the left middle frontal gyrus increase was associated 
with how much they struggled during learning. Thus, both de-
gree of learning and the effort expended were linked to gm in-
creases. The hc changes found fit well with the fact that learning 
a new language involves the acquisition of a vocabulary, a pro-
cess dependent on long-term memory, a function for which hc 
is integral. More specifically, the pairing of a word in the foreign 
language with its meaning may be viewed as an example of as-
sociative memory (Davis & Gaskell, 2009).

In the studies cited above, hc was one of the main areas 
showing plastic change. This sits well with the argument that 
the medial temporal lobe is the part of the brain that holds most 
promise for plastic changes, as the medial temporal lobe com-
pared to other regions of the brain has a lower heritability and 
evolutionary expansion, and a higher variability in cortical thick-
ness and higher myelin content (Walhovd et al., 2016). However, 
the spatial resolution of mri is orders of magnitude from what 
would be needed to detect the neural underpinnings of the 
change. Thus, the specific causes of the observed macroscopic 
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changes remain unclear (e.g., angio-, synapto-, and neurogen-
esis, dendritic branching, and glia cell changes in numbers or 
size (see Zatorre, Fields, & Johansen-Berg, 2012, for review). The 
process of neurogenesis has been shown in specific areas such as 
the olfactory bulb, striatum (Ernst et al., 2014), and hc. In the 
dentate gyrus of hc, 1.75% of the neurons is replaced every year 
(Spalding et al., 2013). Wheel-running mice have been shown to 
increase their hc size more than their sedentary counterparts, 
and these changes are related to histological measures of neuro-
genesis (Biedermann et al., 2016). As alluded to, although neuro-
genesis might be one factor leading to gm changes in hc, there 
are additional factors that are likely to play an important role in 
these changes (Ho, Hooker, Sahay, Holt, & Roffman, 2013).

As with training-related behavioral changes, the brain 
changes that accompany cognitive interventions vary across 
persons. However, the sources of this variability are largely un-
known. As mentioned, in the study by Mårtensson et al. (2012), 
brain changes were linked to language proficiency, but also to 
how much participants struggled during the intervention. This 
issue is examined further in Study III of this thesis.
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The general goal of this thesis is to further the understanding of 
plasticity of memory functioning with a focus on individual dif-
ferences therein. The thesis has two main foci. The first aim, pur-
sued in Study I and II, is to investigate variations in da-related 
genes in predicting performance gains following wm training. 
The second aim, explored in Study III and IV, is to investigate 
process-based associative-memory training, in terms of effects 
on behavior and brain structure, while examining predictors of 
potential brain changes.

2 Aims
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3.1 Study I: Preliminary evidence that allelic variation
in the LMX1A gene influences training-related working 
memory improvement

3.1.1 Background
lim homeobox transcription factor 1 alpha (lmx1a) is a gene im-
portant for the proliferation, differentiation, and maintenance 
of dopaminergic neurons during the embryonic stage. Varia-
tions in this gene have previously been linked to early-onset 
Parkinson’s disease (pd; Bergman et al., 2009), a disorder that 
is caused by death of dopaminergic neurons in substantia nigra. 
Bergman et al. hypothesized that one reason for the association 
between lmx1a polymorphisms and pd might be that indivi- 
duals carrying disadvantageous alleles start off with less da  
neurons from birth and therefore hit the threshold for pd ear-
lier. As there is a relationship of da to cognition and cognitive 
training, it would be of interest to test whether the lmx1a single 
nucleotide polymorphisms (snps) reported by Bergman et al. 
(2009) to be linked to pd are also associated with differences in 
cognitive performance and the ability to gain from wm training.

3.1.2 Participants
Twenty-nine healthy adults (18 women, 11 men) aged 20–31 years 
(M = 26.0) participated in the study. They were recruited via a 
newspaper advertisement and lived in the Stockholm area.

3.1.3 Materials and procedure
Participants were first tested on a battery of cognitive tasks tap-
ping attention, em, ps, and reasoning. Thereafter, they complet-
ed 20–25 sessions of computerized wm training at home over a 

3 Summary of the studies
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period of approximately four weeks. The training involved 7 
tasks, 3 of which were verbal and 4 of which were visuospatial. 
The training was adaptive, so that difficulty increased as train-
ing progressed. An algorithm adjusted the difficulty level so that 
participants had about 60% of trials correct.

Participants were genotyped for three snps of the lmx1a 
gene: rs4657411, rs4657512, and rs6668493.

3.1.4 Statistical analyses
Because of uneven group sizes for the alleles of rs6668493, this 
snp was dropped from further analysis. The genotype distribu-
tion for the rs4657411 snp was 16 tt, 8 tc and 4 cc carriers, and 
for rs4657412 there were 18 tt, 8 tc, and 1 cc carriers. These 
were combined to form more balanced groups (rs4657411: 16 tt 
and 12 tc/cc carriers; rs4657412: 18 tt and 9 tc/cc carriers).

The training data were combined into a verbal and a visuo-
spatial wm score for each session. These were then further ag-
gregated to create weekly scores. The weekly scores were used 
in 2 (Genotype: tt, tc/cc) × 4 (Time: week 1–4) mixed anovas.

3.1.5 Results
For both snps and both wm measures, a main effect of time was 
found, indicating that participants improved over time. There 
were no effects of genotype or a genotype × time interaction for 
either wm composite score for the rs4657411 snp. However, for 
the rs4657412 snp there was a significant main effect of geno-
type on the verbal wm score (F(1, 25) = 5.13, p = .02, η2p = .20), such 
that tt carriers performed better that tc/cc group, and a trend 
in the same direction was observed for the visuospatial wm 
score (F(1, 25) = 3.76, p = .06). Critically, the genotype × time in-
teraction was significant for the verbal wm score (F(3, 75) = 3.99, 
p = .04, η2p = .14), reflecting that tt carriers improved more over 
time than the tc/cc group (See Figure 2). This effect was not sig- 
nificant for the visuospatial wm score (F(3, 75) = 1.35, p = .27).

3.1.6 Conclusion
These results demonstrate that the rs4657412 snp had an effect 
on the ability to gain from wm training. However, this effect may 
reflect the training attenuating factors such as test familiarity 
and test anxiety. Consequently, a purer measure of wm may 
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Figure 2. Verbal WM per-
formance (T-standardized) 
across 4 weeks of training 
separate for the two geno-
type groups of the LMX1A 
SNP rs4657412. Error bars 
represent standard errors 
around the means.
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have been obtained at the end of training, making the perfor-
mance score more sensitive to detect genetic effects. Thus, the 
genotype groups may not necessarily improve differently; indi-
vidual differences in wm may rather become more pronounced 
and measured more validly after training.

3.2 Study II: Lower baseline performance but greater
plasticity of working memory for carriers of the val allele 
of the COMT val158met polymorphism

3.2.1 Background
In this study, we investigated the effects of three different 
da-related snps on the ability to gain from cognitive training. 
Rs4657412 in the lmx1a gene; rs6277 in the da receptor d2 
(drd2) gene; and rs4680 in the catechol-O-methyl transferase 
(comt) gene. The rs4657412 snp was related to gains from wm 
training in Study I, and we sought to examine whether this find-
ing would replicate in a larger sample. The rs6277 snp has been 
shown to influence d2 receptor availability both striatally and 
cortically (Hirvonen et al., 2004, 2005, 2009). This snp has also 
been linked to individual difference in cognitive performance 
(Bolton et al., 2010; Li et al., 2013; Papenberg et al., 2013). Rs4680 
is a snp in the gene coding for the comt enzyme. This enzyme 
is involved in the degradation of da, especially in frontal cor-
tex. The variation in the comt gene results in a met to val sub-
stitution. The met and val variants differ in the efficacy of the 
enzyme, with val homozygotes degrading da about three times 
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faster than met homozygotes (Tunbridge, Harrison, & Wein-
berger, 2006). This functional difference has been related to be-
havioral differences between the genotypes. It has been shown 
that carriers of the met variant perform better in the Wisconsin 
Card Sorting Test (J. H. Barnett, Jones, Robbins, & Müller, 2007) 
and have slightly higher iq, although there is typically no geno-
type difference in wm performance (J. H. Barnett, Scoriels, & 
Munafò, 2008). Interestingly, met carriers appear to perform 
better in tasks when maintenance of information in wm is re-
quired, whereas val carriers may have an advantage in updating 
tasks (Colzato, Waszak, Nieuwenhuis, Posthuma, & Hommel, 
2010; Krugel, Biele, Mohr, Li, & Heekeren, 2009). This pattern 
of data might reflect the fact that the met allele confers an ad-
vantage in tonic da activity, thought to be important for wm 
maintenance, whereas the val allele is advantageous for pha-
sic da activity, involved in wm updating. Given that wm tasks 
generally draw on both maintenance and updating operations, 
it should come as no surprise that met and val carriers often 
perform similarly in these tasks. This is so because the relative 
advantages of the alleles may cancel each other out.

3.2.2 Participants
There were 204 participants, 101 younger adults (20–31 years) 
and 103 older adults (65–80 years). The sample was derived from 
the cogito study (see Schmiedek, 2010, for details).

3.2.3 Materials and procedures
Participants performed on average 101 daily sessions of cogni-
tive training for about one hour each. They trained on 12 tasks 
from three cognitive domains: wm, em, and ps. Before and after 
training, participants underwent extensive cognitive testing 
both on the trained tasks, but also on near and far transfer tasks 
measuring wm, em, ps, and reasoning. For each ability, there 
were at least three different tasks with different contents (i.e., 
verbal, numerical, figural/spatial).

3.2.4 Statistical analyses
The reason for using multiple tasks with different contents was 
to allow for modeling the abilities in latent space using struc-
tural equation modeling. By constructing latent scores defined 
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by the common variance of the observed scores (indicators), a 
theoretically error-free measurement of the constructs of inter-
est is obtained. There are models well suited for the analysis of 
longitudinal change in latent scores, such as the latent change 
score model (lcsm; McArdle & Nesselroade, 1994). We created 
lcsms by forming latent measurements for the two time points 
(before and after training) using the task scores as indicators. 
A latent change score is specified by forcing the regression path 
from the first time point to the second, and from the change 
score to the second time point, to 1 (see Figure 3). Because the 
same ability is measured twice, it is important to make sure 
that the measurement of the latent construct does not change 
between the two time points. This is termed measurement in-
variance, and is a matter of degree (Meredith & Teresi, 2006). 

Only latent variables for which strict or strong measurement 
invariance could be assumed were used in the analysis. These 
were wm-near transfer, wm-far transfer, ps-transfer, and rea-
soning. The genetic variables were added to the lcsms as pre-
dictors of the change score and for performance before training. 
Each model had two parameters that were tested (the effect of 
the gene on change and on baseline performance), for the three 
genes and the four latent cognitive measures. This resulted in 24 

Figure 3. Schematic  
representation of the LCSM
used in the analyses. Boxes 
represent observed vari-
ables, and circles represent 
latent variables. The triangle 
represents estimated 
means. Single-headed ar-
rows represent regressions, 
and double-headed arrows 
represent variances and 
covariances.
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significance tests. Due to the number of tests, the alpha level was 
set to 0.002, using Bonferroni correction.
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3.2.5 Results
Neither the lmx1a nor the drd2 polymorphism showed a sig-
nificant effect on any of the cognitive abilities. However, there 
was a significant effect of the comt polymorphism on change 
in wm-near transfer from before to after training (Δχ21 = 14.19,  
p = .00017), such that the gain from training increased with each 
val allele (Figure 4a). Although not approaching conventional 
significance after correcting for multiple comparison, the effect 
of comt on the baseline scores for wm-near transfer were in the 
opposite direction, with met carriers starting off at a higher level 
than val carriers (Δχ21 = 4.84, p = .028; See Figure 4b).

3.2.6 Conclusion
Prior research indicates better performance of met carriers 
compared to val carriers on wm maintenance tasks, whereas 
the opposite pattern is often seen in wm updating tasks. A possi-
ble explanation of the current findings is that participants relied 
more on maintenance components when performing the tasks 
at baseline. During training, the updating component may have 
become more important, perhaps due to the latter component 
being more plastic, resulting in larger training gains among val 
carriers.

Figure 4. (A) Latent WM near 
transfer scores for change 
between baseline and post 
training, across the three 
genotype groups. Error bars 
represent standard errors. 
(B) Latent WM near transfer 
scores at baseline across 
the three genotype groups. 
Error bars represent stan-
dard errors.
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3.3 Study III: No evidence for improved associative 
memory performance following process-based training 
in older adults

3.3.1 Background
On average, em starts declining in the 7th decade of life (Rön-
nlund et al., 2005; Schaie, 2005). em can be divided into item 
memory, memory of individual items, and associative memory, 
the binding of items together (or items and context) into a coher-
ent representation. Compared to younger adults, older adults’ 
item memory is relatively intact, although their associative 
memory performance is much lower. There has been extensive 
research on the possible merits of computer-based training of 
cognitive abilities such as wm, executive functions, and atten-
tion, whereas studies of process-based training of associative 
memory is essentially lacking. The present study sought to rem-
edy this scarcity by giving older adults training in associative 
memory and examining potential beneficial effects.

3.3.2 Participants
The study sample included 39 healthy older adults (Mage = 68.8 
years) living in Zürich, Switzerland. Nineteen participants were 
randomized to an experimental group and 20 to an active con-
trol group.

3.3.3 Materials and procedure
Before training, participants were tested on measures of item 
and associative memory (near transfer), spatial memory (inter-
mediate transfer), and reasoning (far transfer). Following base-
line assessment, participants underwent 6 weeks of intervention. 
The same transfer tests as before training were given after the 
intervention. For both the experimental and the control group, 
the intervention was computer based. Each trial consisted of en-
coding, distraction, and retrieval. In the encoding phase, partic-
ipants were shown object-word pairs that they were instructed 
to remember as pairs. This was followed by a distraction phase 
(arithmetic task) lasting for 30 sec to prevent influences from 
wm. These two phases were the same for the two groups. Final-
ly, at retrieval, the experimental group was tested with associa-
tive cued recall, they were shown an object at a time and had to 
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type in the corresponding word that was paired with this object 
at encoding. By contrast, the control group was tested with item 
recognition; they were presented with an object or a word from 
the encoding phase or a new item and had to indicate whether 
they saw the same object/word at encoding. The number of pairs 
presented at encoding was constant for the control group (eight 
pairs). The training of the experimental group was adaptive, so 
that the number of items presented at encoding increased as 
training progressed, based on the individual performance.

3.3.4 Statistical analyses
The data were analyzed with 2 (group) × 2 (time) anovas for 
each of the transfer measures.

3.3.5 Results
There were no significant effects whatsoever for associative 
memory (Fs < 1). For item memory, there was no significant ef-
fect of group (F < 1), but an effect of time (F(1,37) = 6.10, p = .02, 
η2p = 0.14), and a time × group interaction (F(1,37) = 4.49, p = .04, 
η2p = 0.11). This interaction reflected the fact that the experimen-
tal group improved more than the controls in item memory (Fig-
ure 5). For visuospatial memory and reasoning, only the effects 
of time were significant (visuospatial memory: F(1,37) = 9.21,  
p < .01, η2p = 0.20, reasoning: F(1,37) = 8.74, p < .01, η2p = 0.19).

Figure 5. Aggregated 
z-transformed performance 
across the three associative 
memory tasks and across 
the three item memory 
tasks separately for the two 
experimental groups at pre- 
and post-training. Error bars 
represent standard errors 
around the means.
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3.3.6 Conclusion
We failed to show that computerized adaptive associative-mem-
ory training improved performance on similar tasks more than 
non-adaptive item-memory training. However, there was a 
disproportionate improvement among those receiving associa-
tive-memory training in item memory. This finding might strike 
the reader as counterintuitive, as the control group underwent 
item-memory training. However, item memory is a prerequisite 
for associative memory, and training associative memory inev-
itably taxes item memory. Because the training of the experi-
mental group was adaptive, their item memory might have been 
taxed more heavily than for the control group, thereby produc-
ing larger improvement in the experimental group.

3.4 Study IV: Behavioral correlates of growth in 
hippocampal grey matter structure during acquisition 
of a foreign vocabulary

3.4.1 Background
As noted, the occurrence of experience-dependent changes 
in brain structure in animals has long been known (Bennett 
et al., 1964; Rosenzweig et al., 1962). More recently, evidence 
suggests that this is true also for humans (Lövdén et al., 2013). 
For example, military interpreters learning a new language 
during a short period of time showed increases in hippocampal 
gm volume when compared to medical students (Mårtensson 
et al., 2012). Following the results of Mårtensson et al., we ex-
amined whether grey-matter changes would occur under more 
naturalistic circumstances, with a less select sample, and in a 
well-controlled experimental design. If so, we were interested 
in whether predictors of individual differences in these changes 
could be identified.

3.4.2 Participants
The sample consisted of 56 young adults between 18 and 30 years 
of age, who were recruited through an ad in a local newspaper. 
They were randomized into either an experimental group (n = 
33), or a control group (n = 23). Participants were not allowed to 
have prior knowledge of any Romance language.
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3.4.3 Materials and procedures
The experimental group received Italian language training, fo-
cusing on vocabulary acquisition, as a way of studying associa-
tive memory in a natural setting. In addition to participating in 
an Italian class once a week, they learnt new words using an iOS 
application developed for the study. The data from this appli-
cation were downloaded, which enabled us to extract the num-
ber of words they learnt, as well as how much time they spent 
studying with the app. The control group went to weekly meet-
ings where they watched Italian movies with Swedish subtitles, 
which was assumed not to affect their Italian vocabulary. Before 
and after the intervention, participants were tested on a cogni-
tive battery including an associative-memory task and a delayed 
match-to-sample (dms) task. They also underwent mri to obtain 
T1-weighted images. After the intervention, the experimental 
group performed a test to determine their Italian vocabulary.

3.4.4 Statistical analyses
The mri data were analyzed with spm8. A paired t-test for time 
was performed in the experimental group, to detect potential 
changes that could be used in the predictive model. A follow-up 
whole-brain group × time mixed analysis was performed to 
make sure that potential time-related group differences were 
specific to the experimental group. gm values from the clusters 
indicated in the primary analysis were then extracted and an-
alyzed in path models to determine whether training-related 
characteristics or baseline cognitive measures were associated 
with gm changes.

3.4.5 Results
The whole-brain analysis for the experimental group showed 
reliable increases in two separate clusters, one in the right hc 
and one in the left occipital lobe. In the group × time analysis, 
only the hippocampal cluster was significant, confirming that 
the change in this area was specific for the training group. The 
average gm probability in the right hc cluster was used in path 
models to investigate predictors of gm change. In the first model, 
time spent studying and vocabulary size after training were 
used as predictors of gm change, and time spent training were 
also used as a predictor of vocabulary size (see Figure 6a). This 
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model showed that time spent studying predicted both vocabu-
lary acquisition and gm change (Figure 6b). In a second, more 
complex, model, we also added performance on the baseline 
dms and associative-memory tests. We let the dms and asso-
ciative memory scores predict all three variables in the simpler 
model. In addition, we added dms as a predictor of associative 
memory, as dms may measure a low-level ability on which asso-
ciative memory in part could depend. (Figure 7a). When adding 
these baseline measures, the original pattern changed; in the 
new model, dms predicted associative memory, gm change, 
and also time spent studying. In addition, time spent studying 
and associative memory predicted vocabulary size. (Figure 7b).

3.4.6 Conclusion
The changes in gm probability observed in this study are in line 
with the results from Mårtensson et al. (2012). We also show that 
the time spent studying seems more important for the observed 
gm changes than the amount of Italian vocabulary acquired. 
That is, brain changes related to associative em training might 
be more a function of use of the ability than of the degree of in-

Figure 6. The basic path 
model of the relationship 
between time spent study-
ing, vocabulary test score, 
and GM change in the right 
HC, (A) full model, and (B) 
pruned model.
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crease in vocabulary. However, when adding baseline perfor-
mance to the model, only performance on a dms task predicted 
hc change. This task holds similarities to pattern separation 
tasks, which have been related to neurogenesis in the human 
hc. This opens up for the possibility that the volumetric chang-
es observed could be partly due to neurogenesis, although other 
sources (e.g., angiogenesis, synaptogenesis, dendritic branch-
ing, and astrocyte increases) are possible.

Figure 7. The extended 
path model where baseline 
performance of associa-
tive memory and delayed 
match-to-sample is added, 
(A) full model, and (B) 
pruned model.
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4.1 Summary of the results
In this thesis, I present results from four studies all investigat-
ing human memory plasticity. In two of the studies (Study I and 
Study II), effects of da-relevant genetic variations on the ability 
to profit from wm training were examined. In Study I, wm per-
formance at the end of the intervention was related to a variation 
in the lmx1a gene. In Study II, a variation in the comt gene 
was found to influence the gain in wm following the interven-
tion. The other pair of studies (Study III and Study IV) focus on 
process-based em training. First, we explored the effects of a 
computerized associative-memory training regimen in older 
adults (Study III) and then we examined changes in gm mea-
sures using mri following the acquisition of a new vocabulary 
in young adults, as a way of studying associative memory (Study 
IV). Although Study III failed to show transfer to non-trained 
associative memory measures, an increase in item memory per-
formance was found. Study IV found gm increases in hc after 
the acquisition of a new vocabulary, and these gm changes were 
related to baseline cognitive ability.

4.2 The promise and challenge of 
genetics in cognitive training studies

The purpose and possible gains of studying genetics in rela-
tion to memory training might not be entirely clear. How could 
these results be used? I think that research investigating genetic  
effects on cognitive training benefits is best understood as a 
basic-science project aiming at better understanding cognition 
and how it is implemented in the brain. Take the case of Study 
II, where the comt snp, of which we know the biological ef-
fects, was found to influence wm trainability; thus, this genetic 

4 Discussion
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information could be seen as a surrogate of information about 
differences in people’s brains. In other words, instead of experi-
mentally intervening in participants’ brains, we can use the ge-
netic information as an indicator of between-person differences. 
Although this non-invasive technique may provide information 
about participants’ da systems, it is admittedly crude and does 
not permit true experimental inferences.

Moreover, Study II also generated a hypothesis that could 
potentially be tested, namely that the updating component of 
wm is more malleable than the maintenance component. This 
is something that future research could potentially investigate, 
thereby increasing the understanding of plasticity of cognitive 
functions. This is a prediction that might not have been derived 
in other ways. A secondary, more distant, result is that finding 
single genes, or genetic profiles, that affect plasticity or the sort 
of training you gain from could be used to decide what type of 
training a person should receive, or be informative as to whether 
training has the potential to be effective at all. This perspective is 
much in the same spirit as personalized medicine (Schork, 2015).

Low power is a recurrent problem in psychological research 
in general, and might be even greater in cognitive training re-
search due to practical reasons. First, the effects, if any, are small 
using current training methods. It would be foolish to think that 
a total of a few hours of training would radically alter stable cog-
nitive functions formed under thousands of years of evolution. 
Second, sample sizes are typically small. Training research is 
also time consuming and costly, as participants are tested at 
multiple occasions and required to undergo sessions of regu-
lar training over a certain period of time. In cognitive training 
studies using genetics this is further complicated, as the effects 
of common genetic variations on cognitive performance is typi-
cally small (Payton, 2009), and there is no reason to assume that 
the corresponding effects on change in cognitive performance 
should be much different.

A different perspective on cognitive training was taken in 
Study I. Here, we viewed the training also as a way of increasing 
the validity of the cognitive measures, by attenuating the influ-
ence of other variables that may affect cognitive performance 
and individual differences therein, such as test familiarity, test 
anxiety, motivation, strategy use, and task-relevant knowledge 
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(Baltes & Kliegl, 1992; Kliegl, Smith, & Baltes, 1989, Figure 1 il-
lustrates that test scores are influenced by multiple variables). 
This may make it easier to disclose genetic effects on cognitive 
performance after training, because persons are closer to their 
maximum performance level. The obvious downside of this ap-
proach is that training studies are time-consuming and costly, 
and it is debatable whether the gain in precision is worth the cost 
in time and money.

4.3 Can cognition be improved by training?
First, the answer to the question in the above heading obvious-
ly depends on how you define “improved by training”. Even 
though the evidence is scarce for generalized training effects of 
the interventions used in current research, this does not mean 
that better regimens cannot be developed. To be sure, cognitive 
functioning is determined by multiple environmental factors, 
and is therefore often under our control. This thesis focuses on 
interventions aimed to improve cognitive performance. I have 
not discussed non-cognitive training approaches, which might 
affect cognitive functioning. A non-cognitive intervention with 
strong positive evidence is physical exercise. Apart from its phys-
ical benefits, positive effects on cognitive functioning are rou-
tinely observed following exercise interventions, even though 
these effects too are generally small (Colcombe & Kramer, 2003; 
Roig, Nordbrandt, Geertsen, & Nielsen, 2013; Smith et al., 2010). 
Another intervention that has been explored, although with 
little supportive evidence, is transcranial direct current stim-
ulation (Dedoncker, Brunoni, Baeken, & Vanderhasselt, 2016; 
Horvath, Forte, & Carter, 2015). But if we focus on the cognitive 
side, think, for example, of formal schooling: An extra year of 
schooling has clear effects on fluid intelligence (Lager, Seblova, 
Falkstedt, & Lövdén, 2016). Furthermore, consider the Flynn 
effect, the fact that each new generation perform better than 
the one before on tests of intelligence (Flynn, 1987) and other 
cognitive abilities (Rönnlund & Nilsson, 2008), which is some-
thing that is difficult to account for by genetic selection. One (out 
of several) proposed explanations for the Flynn effect is secular 
changes in educational attainment (Blair, Gamson, Thorne, & 
Baker, 2005).

Thus, cognition is not a fixed entity, although it might take 
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quite some time and effort to change it. If we accept the critique 
of cognitive training studies, and think that the evidence for 
improvement is weak, might not better training procedures be 
devised? It is probably naive to think that interventions lasting 
for a few weeks should result in large and generalizable gains; 
perhaps more intense and longer interventions are required. 
However, this idea is not supported by the meta-analysis of 
Melby-Lervåg et al. (2016), where moderator analysis generally 
found no effects of training dose on transfer effects. Note, how-
ever, that the authors dichotomized the dosage variable into ei-
ther low dose (less than 10 hours of training) or high dose (more 
than 10 hours), which makes this analysis less informative. That 
said, the results of Melby-Lervåg et al. are supported by findings 
from the meta-analysis of Au et al. (2015), where neither session 
length nor number of sessions had any clear effects. The latter 
study treated these variables as continuous and yet their influ-
ence was negligible. The weak relationship between dosage of 
training and the size of the effect is worrisome for cognitive 
training research, as you would think (and hope) that these vari-
ables should be related. 

Second, the question as to whether wm (and other cognitive 
functions) can be improved also depends on how you define the 
term improvement. It is dependent not only on the data used by 
different researchers. Even when analyzing the same data, in-
vestigators may arrive at different conclusions (Au et al., 2015, 
2016; Dougherty et al., 2016; J. Karbach & Verhaeghen, 2014; 
Melby-Lervåg & Hulme, 2016). The two sides in the debate on 
the existence of transfer effects take different approaches to the 
subject. In general, those claiming that there is no transfer of 
wm training put a stronger emphasis on theory, whereas those 
who take a more positive stand are more data-driven. A more 
pragmatically minded and data-driven researcher might assign 
a higher probability to cognition being trainable, because even 
though the data might not fit with current theories of cognition, 
the data are still there and can be viewed as demonstrating that 
cognition can be improved. For example, the fact that transfer 
effects are mostly observed in comparison to passive control 
groups (rather than active controls) allows for the possibility that 
the performance increase seen is due to improvement in factors 
affecting test performance that are not part of the training, such 
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as test familiarity and motivation. If the exact reasons for an ob-
served performance increase are not the focus of interest, this 
can be taken as an indication of transfer. The same is true for the 
weak relation between criterion task improvement and magni-
tude of transfer (Melby-Lervag et al., 2016), which is problematic 
from a theoretical point of view. For researchers with strong ad-
herence to a theoretical model of cognition or specific parts of 
cognition, such data will conflict with their theories, and they 
might not want to grant the performance changes the grace of 
being called transfer. To conclude, the disagreement between 
these groups of researchers depends to a large extent on their 
theoretical investment in the wm construct and their views on 
control groups.

4.4 Why at all improve cognition?
As discussed, research about how to improve cognition can be 
important in its own right from a basic-science perspective. It 
can help understanding cognitive functions and how they are 
implemented in the brain. However, are there other reasons, 
more linked to everyday life? Are there any practical insights to 
be made from these studies? Let us put aside the controversies 
about whether training actually works, and assume that we find 
a way to reliably improve people’s memory, or other cognitive 
functions. What has to be the case for this to be interesting in a 
translational sense? I think that there are many conditions that 
need to be satisfied for this type of training to have translational 
relevance.

First, the cognitive function needs to be improved to a large 
enough extent. The effectiveness of a particular method might 
very well be proven, but the effect on the ability also needs to be 
large enough to be of interest. Second, the intervention should 
not take too much time. There has to be a balance between the 
time you invest and the potential gains. If the training has rea-
sonably sized effects, but requires a large amount of time, it 
might not be worth the effort. Third, the effects have to show 
some generalizability. It should not be task specific, and pref-
erably transfer to other similar domains (this is of course not 
necessary for training to be useful, but all things being equal, 
broader effects are preferable). Fourth, the training has to be 
ecologically relevant. That is, there have to be real-life effects on 
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memory or other functions dependent on memory (or whatever 
ability is targeted) in natural settings. If the effect is seen only 
in laboratory tasks, and there is no change in people’s everyday 
functioning, there is little use of the training from an ecological 
point of view. Fifth, better cognitive functioning in real life has 
to come with something positive (e.g., regarding well-being and 
life satisfaction). It is not obvious that people need better memo-
ry to function in everyday life, at least not the aspect of memory 
that may be improved following traditional training programs. 
For example, training benefits should translate into educational 
achievements in children and younger adults, better job perfor-
mance in adults, or increased independence and quality of life 
in older adults. And, as alluded to, if all these requirements are 
met, and the casual pathway exists, the effect at the end of the 
chain needs to be large enough in relation to the effort put into 
the training to begin with. Thus, for a training paradigm to be 
interesting with regard to everyday cognitive functioning, there 
are lots of hurdles to pass.

4.5 Structural brain changes related to learning
Study IV showed gm increases in hc, which might reflect plastic 
changes. To draw conclusions about the nature of these changes, 
knowledge about how they develop over time would be needed. 
At this point we do not know if the changes are transient or long 
lasting. In a study where right handed participants learnt to write 
with their left hand and underwent mri several times during this 
process, a pattern of expansion in relevant brain areas, followed 
by partial renormalization, was observed (Wenger et al., 2016).
If such a pattern is true for the changes in hc reported in Study 
IV, it could indicate the learning and integration of a new skill.

Structural changes were observed in response to learning a 
new vocabulary, and these changes were more strongly related 
to the time spent studying than the actual size of the acquired 
vocabulary. This could be interpreted as these changes repre-
senting a reorganization in response to the training so that new 
memories could be stored more efficiently. However, if this were 
to be the case, transfer effects would be expected to other em 
measures, but Study IV failed to show transfer to an associative- 
memory task, which was arguably similar in several ways to 
learning a new vocabulary.
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4.6 Future directions
I think that inter-individual differences in plasticity and predic-
tors of plasticity is an important avenue for future research, given 
the goal of finding ways to reliably improve specific aspects of 
cognitive ability. Regarding the empirical results in this thesis, 
I think that one interesting prediction from Study II is based on 
the finding that comt val carriers had a more plastic wm than 
met carriers, and it was hypothesized that this may reflect a val 
advantage in the updating component. This could be tested by 
training individuals separately on maintenance and updating, 
and examine whether it indeed is the case that val carriers prof-
it more from updating training than met carriers, who rather 
might show greater plasticity in the maintenance component.

Study III failed to show an effect of associative-memory 
training in older adults. This could be because of a flawed de-
sign of the training regime, or because associative memory is 
not easily trainable in aging. However, given the large differ-
ences in associative memory performance between younger 
and older adults, testing this type of training in younger adults 
to see if it works, could be a possible way to go. If a training effect 
can be demonstrated in younger adults, with better associative 
memory, and a more plastic brain, then maybe this regime can 
be adapted in a way to also benefit older adults. Building on the 
findings in Study IV, it would be of interest to further investi-
gate the nature of the gm changes observed. First, we might use 
different mri techniques, such as diffusion tensor imaging, to 
probe the underlying cause of the volumetric changes. Second, 
behavioral measures specifically tapping pattern separation 
would be useful, to examine if such measures improve the pre-
diction of gm change. As Study IV only recruited younger adults, 
it would also be of interest to investigate whether this language 
learning-dependent gm plasticity extends into old age and, if so, 
whether the same factors account for inter-individual differenc-
es in gm change in aging.

A general recommendation for future studies is to use larger 
sample sizes than current studies. Training effects are probably 
small, and sufficiently large sample sizes are needed to detect 
them. For obvious reasons, this is even more important when 
studying inter-individual differences in the magnitude of gains. 
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To also boost the potential effect of the training to meaningful 
levels, new training regimes also need to be more intense and 
longer lasting than the current ones. Another methodological 
problem in the current literature that needs to be considered in 
future studies is the way in which transfer is measured. Transfer 
to untrained tasks should not be equated with plastic changes 
in the process under study. Plastic changes could lead to limit-
ed transfer if the process improved is one that is not important 
for a broad number of abilities. Reversely, broad transfer can be 
seen even when no plastic changes occur in the trained ability, 
for example through decreased test anxiety following training 
(see Figure 1). To measure change in the cognitive process of in-
terest, latent measurements based on thoughtfully chosen tasks 
should be used. The tasks should be selected so that they all tap 
the process of interest, but reduce all other possible factors that 
could be shared in determining the test scores. Latent measure-
ment was used in Study II of this thesis, but was not used in the 
other studies.

The time may now be ripe for more large-scale intervention 
studies, dissecting the mechanisms of training so that more ef-
fective regimes can be developed. Here, the individual-differ-
ence perspective is again important, as it might not only be the 
case that there is an optimal design for cognitive training, but 
the optimal design might vary between groups and individuals, 
depending on genetic profile, chronological age, and baseline 
cognitive ability, among other factors. Even though I think it 
is too early to give up the hope for interventions that can alter 
cognitive functions, I think it is important to be open to the pos-
sibility that plasticity of adult cognition is smaller than perhaps 
previously thought.

D
I
S
C
U
S
S
I
O
N





49

5 Acknowledgements

If you’ve read this far, you’re definitely 
among the ones who deserve a thank 

you. Stort tack till mina tre handledare 
Lars, Martin och Yvonne. Lars för din 
skärpa och tydlighet. Martin för din 

pragmatism och latenta variabler. Frau 
Dr. Brehmer för din entusiasm, din 

struktur och dina balkongmöbler. 
Also, many thanks to all the mem-

bers of the psychology group (both 
past and present) for many fruitful 
discussions, helpful comments, and 
a friendly work environment. Det 
finns många som har förgyllt min 
tid på KI. Ylva, Nina och Lieke, ni 

är så fina, jag kommer sakna er. Jag 
vet att vi har åtminstone ett oavslu-

tat projekt som jag hoppas vi slutför. 
Mina förebilder Björn och Armita, 

jag hoppas jag får jobba med er igen. 
Dr Oetker och Lillan som inspirerade 
och underhöll mig under psykolog- 

programmet. Lars och Rasmus, som 
fick mig att börja studera psykologi  

från första början, och som förstår allt  
jag säger, typ innan jag sagt det. Tanaz, 
Ida, Andreas, och resten av Emo-
tion lab, tack för en sådan välkom-

nande, och inspirerande stämning. 
Tack Julia för givande diskssioner 

och fester. Marion, för nya per-
spektiv och större frågor. Sigrid, 

Lisa, Isak, och Robban, ni är det 
roligaste, smartaste och snyggas- 
te MR-sällskapet jag kan tänka mig. 
Trots eventuella brister denna avhand- 
ling innehåller så är den åtminstone 
det utan tvekan snyggaste som någon-

sin tryckts på Karolinska Institutet, 
tack Karin! Lotte och Bengt, tack för 

att ni tog tillvara på min nyfikenhet 
och lät mig få utlopp för den. Tack alla 

mina vänner för den delen av avhand- 
lingen som jag inte skrev.



50

Ando, J. A., Ono, Y. B., & Wright, M. J. C. (2001). Genetic 
structure of spatial and verbal working 
memory. Behavior Genetics, 31(6), 615–624. 
http://doi.org/10.1023/A:1013353613591

Au, J., Buschkuehl, M., Duncan, G. J., & Jaeggi, S. M. 
(2016). There is no convincing evidence  
that working memory training is NOT  
effective: A reply to Melby-Lervåg and Hulme 
(2015). Psychonomic Bulletin & Review, 
23(1), 331–337. http://doi.org/10.3758/
s13423-015-0967-4

Au, J., Sheehan, E., Tsai, N., Duncan, G. J.,  
Buschkuehl, M., & Jaeggi, S. M. (2015). 
Improving fluid intelligence with training 
on working memory: a meta-analysis. 
Psychonomic Bulletin & Review, 22(2), 
366–377. http://doi.org/10.3758/
s13423-014-0699-x

Baddeley, A. (1992). Working memory.  
Science, 255(5044), 556–559. http://doi.
org/10.1126/science.1736359

Baddeley, A. (2000). The episodic buffer: A new 
component of working memory? Trends in 
Cognitive Sciences, 4(11), 417–423. http://
doi.org/10.1016/S1364-6613(00)01538-2

Baltes, P. B., & Kliegl, R. (1992). Further testing of 
limits of cognitive plasticity: Negative age 
differences in a mnemonic skill are robust. 
Developmental Psychology, 28(1), 121–125. 
http://doi.org/10.1037/0012-1649.28.1.121

Barnett, J. H., Jones, P. B., Robbins, T. W., & Müller, U. 
(2007). Effects of the catechol-O-methyl-
transferase Val158Met polymorphism on 
executive function: A meta-analysis of the 
Wisconsin Card Sort Test in schizophrenia 
and healthy controls. Molecular Psychiatry, 
12(5), 502–509. http://doi.org/10.1038/
sj.mp.4001973

Barnett, J. H., Scoriels, L., & Munafò, M. R. (2008). 
Meta-analysis of the cognitive effects of 
the catechol-O-methyltransferase gene 
Val158/108Met polymorphism.  
Biological Psychiatry, 64(2), 137–144. http://
doi.org/10.1016/j.biopsych.2008.01.005

Barnett, S. M., & Ceci, S. J. (2002). When and 
where do we apply what we learn?: A 
taxonomy for far transfer. Psychological 
Bulletin, 128(4), 612–637. http://doi.
org/10.1037//0033-2909.128.4.612

Becker, N., Laukka, E. J., Kalpouzos, G., Naveh- 
Benjamin, M., Bäckman, L., & Brehmer, Y. 
(2015). Structural brain correlates of  
associative memory in older adults. 

6 References 



51

NeuroImage, 118, 146–153. http://doi.
org/10.1016/j.neuroimage.2015.06.002

Bennett, E. L., Krech, D., Diamond, M. C., & 
Rosenzweig, M. R. (1964). Chemical and 
anatomical plasticity of brain. Science, 
146(364), 610–619. http://doi.org/10.1126/
science.146.3644.610

Bergman, O., Håkansson, A., Westberg, L., Belin, A. 
C., Sydow, O., Olson, L., … Nissbrandt, H. 
(2009). Do polymorphisms in transcription 
factors LMX1A and LMX1B influence the risk 
for Parkinson’s disease? Journal of Neural 
Transmission, 116(3), 333–338. http://doi.
org/10.1007/s00702-009-0187-z

Berlucchi, G., & Buchtel, H. A. (2009). Neuronal 
plasticity: Historical roots and evolution of 
meaning. Experimental Brain Research, 
192(3), 307–319. http://doi.org/10.1007/
s00221-008-1611-6

Biedermann, S. V., Fuss, J., Steinle, J., Auer, M. K.,  
Dormann, C., Falfán-Melgoza, C., …  
Weber-Fahr, W. (2016). The hippocam-
pus and exercise: histological correlates 
of MR-detected volume changes. 
Brain Structure and Function, 221(3), 
1353–1363. http://doi.org/10.1007/
s00429-014-0976-5

Blair, C., Gamson, D., Thorne, S., & Baker, D. (2005). 
Rising mean IQ: Cognitive demand of 
mathematics education for young children, 
population exposure to formal schooling, 
and the neurobiology of the prefrontal  
cortex. Intelligence, 33(1), 93–106. http://
doi.org/10.1016/j.intell.2004.07.008

Bolton, J. L., Marioni, R. E., Deary, I. J., Harris, S. E., 
Stewart, M. C., Murray, G. D., … Price, J. 
F. (2010). Association between polymor-
phisms of the dopamine receptor D2 and 
catechol-o-methyl transferase genes and 
cognitive function. Behavior Genetics, 
40(5), 630–638. http://doi.org/10.1007/
s10519-010-9372-y

Brehmer, Y., Westerberg, H., Bellander, M., Fürth, D., 
Karlsson, S., & Bäckman, L. (2009). Working 
memory plasticity modulated by dopamine 
transporter genotype. Neuroscience Letters, 
467(2), 117–120. http://doi.org/10.1016/j.
neulet.2009.10.018

Bäckman, L., Lindenberger, U., Li, S. C., & Nyberg, L. 
(2010). Linking cognitive aging to alterations 
in dopamine neurotransmitter functioning: 
Recent data and future avenues. Neuro- 
science and Biobehavioral Reviews. http://

doi.org/10.1016/j.neubiorev.2009.12.008
Bäckman, L., Nyberg, L., Lindenberger, U., Li, S.-C., 

& Farde, L. (2006). The correlative triad 
among aging, dopamine, and cognition: 
Current status and future prospects. 
Neuroscience & Biobehavioral Reviews, 
30(6), 791–807. http://doi.org/10.1016/j.
neubiorev.2006.06.005

Bäckman, L., Nyberg, L., Soveri, A., Johansson, J., 
Andersson, M., Dahlin, E., … Rinne, J. O. 
(2011). Effects of working-memory training 
on striatal dopamine release. Science, 
333(6043), 718. http://doi.org/10.1126/
science.1204978

Carroll, J. B. (1993). Human cognitive abilities.  
Cambridge: University Press.

Chalfonte, B. L., & Johnson, M. K. (1996). Feature 
memory and binding in young and older 
adults. Memory & Cognition, 24(4), 403–
416. http://doi.org/10.3758/BF03200930

Cohen, J. (1992). A power primer. Psychological 
Bulletin, 112(1), 155–159. http://doi.
org/10.1037/0033-2909.112.1.155

Cohen, J. D., Braver, T. S., & Brown, J. W. (2002).  
Computational perspectives on dopamine 
function in prefrontal cortex. Current  
Opinion in Neurobiology, 12(2), 
223–229. http://doi.org/10.1016/
S0959-4388(02)00314-8

Colcombe, S., & Kramer, A. F. (2003). Fitness  
effects on the cognitive function of  
older adults: A Meta-Analytic study.  
Psychological Science, 14(2), 125–130. 
http://doi.org/10.1111/1467-9280.
t01-1-01430

Colzato, L. S., van den Wildenberg, W. P. M., &  
Hommel, B. (2014). Cognitive control and  
the COMT Val158Met polymorphism:  
Genetic modulation of videogame 
training and transfer to task-switching 
efficiency. Psychological Research, 
78(5), 670–678. http://doi.org/10.1007/
s00426-013-0514-8

Colzato, L. S., van Muijden, J., Band, G. P. H., & 
Hommel, B. (2011). Genetic modulation of 
training and transfer in older adults: BDNF 
Val 66Met polymorphism is associated 
with wider useful field of view. Frontiers in 
Psychology, 2, 199. http://doi.org/10.3389/
fpsyg.2011.00199

Colzato, L. S., Waszak, F., Nieuwenhuis, S., Posthuma, 
D., & Hommel, B. (2010). The flexible mind 
is associated with the catechol-O-methyl-

R 
E 
F
E
R
E
N
C
E
S



P
L
A
S
T
I
C
I
T
Y 

O
F

M
E
M
O
R
Y 
 
F
U
N
C
T
I
O
N
I
N
G

52

Structure Changes during Extensive 
Learning. Journal of Neuroscience, 26(23), 
6314–6317. http://doi.org/10.1523/
JNEUROSCI.4628-05.2006

Engle, R. W., Tuholski, S. W., Laughlin, J. E., & 
Conway, A. R. A. (1999). Working memory, 
short-term memory, and general fluid 
intelligence: A latent-variable approach. 
Journal of Experimental Psychology: 
General, 128(3), 309–331. http://doi.
org/10.1037/0096-3445.128.3.309

Ernst, A., Alkass, K., Bernard, S., Salehpour, M., Perl, 
S., Tisdale, J., … Frisén, J. (2014). Neuro-
genesis in the striatum of the adult human 
brain. Cell, 156(5), 1072–1083. http://doi.
org/10.1016/j.cell.2014.01.044

Flynn, J. R. (1987). Massive IQ gains in 14 nations: 
What IQ tests really measure. Psycho- 
logical Bulletin, 101(2), 171–191. http://doi.
org/10.1037/0033-2909.101.2.171

Friedman, N. P., Miyake, A., Young, S. E., Defries, J. C., 
Corley, R. P., & Hewitt, J. K. (2008).  
Individual differences in executive  
functions are almost entirely genetic in 
origin. Journal of Experimental Psycho- 
logy. General, 137(2), 201–225. http://doi.
org/10.1037/0096-3445.137.2.201

Gross, A. L., Parisi, J. M., Spira, A. P., Kueider, A. M., Ko, 
J. Y., Saczynski, J. S., … Rebok, G. W. (2012). 
Memory training interventions for older 
adults: A meta-analysis. Aging & Mental 
Health, 16(6), 722–734. http://doi.org/10.10
80/13607863.2012.667783

Hirvonen, M. M., Laakso, A., Någren, K., Rinne, J. 
O., Pohjalainen, T., & Hietala, J. (2004). 
C957T polymorphism of the dopamine D2 
receptor (DRD2) gene affects striatal DRD2 
availability in vivo. Molecular Psychiatry, 
9(12), 1060–1061. http://doi.org/10.1038/
sj.mp.4001561

Hirvonen, M. M., Laakso, A., Någren, K., Rinne, J. 
O., Pohjalainen, T., & Hietala, J. (2005). 
C957T polymorphism of the dopamine D2 
receptor (DRD2) gene affects striatal DRD2 
availability in vivo. Molecular Psychiatry, 
10(9), 889–889. http://doi.org/10.1038/
sj.mp.4001707

Hirvonen, M. M., Lumme, V., Hirvonen, J., Pesonen, U., 
Någren, K., Vahlberg, T., … Hietala, J. (2009). 
C957T polymorphism of the human dopa-
mine D2 receptor gene predicts extrastriatal 
dopamine receptor availability in vivo. Prog-
ress in Neuro-Psychopharmacology and  

transferase (COMT) Val 158 Met polymor-
phism: Evidence for a role of dopamine in the 
control of task-switching. Neuropsychologia, 
48(9), 2764–2768. http://doi.org/10.1016/j.
neuropsychologia.2010.04.023

Cropley, V. L., Fujita, M., Innis, R. B., & Nathan, P. J. 
(2006). Molecular imaging of the dopamin- 
ergic system and its association with human 
cognitive function. Biological Psychiatry, 
59(10), 898–907. http://doi.org/10.1016/j.
biopsych.2006.03.004

Dahlin, E., Stigsdotter Neely, A., Larsson, A., Bäckman, 
L., & Nyberg, L. (2008). Transfer of learning 
after updating training mediated by the  
striatum. Science, 320(5882), 1510–1512. 
http://doi.org/10.1126/science.1155466

Davachi, L. (2006). Item, context and relational  
episodic encoding in humans. Current  
Opinion in Neurobiology, 16(6), 693–700. 
http://doi.org/10.1016/j.conb.2006.10.012

Davis, M. H., & Gaskell, M. G. (2009). A complementary 
systems account of word learning: Neural 
and behavioural evidence. Philosophical 
Transactions of the Royal Society of  
London., 364(1536), 3773–3800. http://doi.
org/10.1098/rstb.2009.0111

Deary, I. J., Johnson, W., & Houlihan, L. M. (2009). 
Genetic foundations of human intelligence. 
Human Genetics, 126(1), 215–232. http://
doi.org/10.1007/s00439-009-0655-4

Dedoncker, J., Brunoni, A. R., Baeken, C., &  
Vanderhasselt, M.-A. (2016). A systematic 
review and meta-analysis of the effects of 
transcranial direct current stimulation (tDCS) 
over the dorsolateral prefrontal cortex in 
healthy and neuropsychiatric samples: 
Influence of stimulation parameters. Brain 
Stimulation, 9(4), 501–517. http://doi.
org/10.1016/j.brs.2016.04.006

Dougherty, M. R., Hamovitz, T., & Tidwell, J. W. (2016). 
Reevaluating the effectiveness of n-back 
training on transfer through the Bayesian 
lens: Support for the null. Psychonomic  
Bulletin & Review, 23(1), 306–316. http://
doi.org/10.3758/s13423-015-0865-9

Draganski, B., Gaser, C., Busch, V., Schuierer, G.,  
Bogdahn, U., & May, A. (2004).  
Neuroplasticity: Changes in grey matter 
induced by training. Nature, 427(6972), 
311–312. http://doi.org/10.1038/427311a

Draganski, B., Gaser, C., Kempermann, G., Kuhn, H. 
G., Winkler, J., Büchel, C., & May, A. (2006). 
Temporal and Spatial Dynamics of Brain 



53

Biological Psychiatry, 33(4), 
630–636. http://doi.org/10.1016/j.
pnpbp.2009.02.021

Ho, N. F., Hooker, J. M., Sahay, A., Holt, D. J., & Roffman, 
J. L. (2013). In vivo imaging of adult human 
hippocampal neurogenesis: progress, 
pitfalls and promise. Molecular Psychiatry, 
18(4), 404–416. http://doi.org/10.1038/
mp.2013.8

Horvath, J. C., Forte, J. D., & Carter, O. (2015). 
Quantitative review finds no evidence of 
cognitive effects in healthy populations 
from single-session transcranial direct 
current stimulation (tDCS). Brain Stimulation, 
8(3), 535–550. http://doi.org/10.1016/j.
brs.2015.01.400

Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Perrig, W. 
J. (2008). Improving fluid intelligence with 
training on working memory. Proceed-
ings of the National Academy of Sciences 
of the United States of America, 105(19), 
6829–6833. http://doi.org/10.1073/
pnas.0801268105

James, W. (1890). Principles of psychology.  
New york, NY: Holt.

Jennings, J. M., & Jacoby, L. L. (2003). Improving  
memory in older adults: Training  
recollection. Neuropsychological  
Rehabilitation, 13(4), 417–440. http://doi 
org/10.1080/09602010244000390

Jennings, J. M., Webster, L. M., Kleykamp, B. A., & 
Dagenbach, D. (2005). Recollection training 
and transfer effects in older adults:  
Successful use of a repetition-lag  
procedure. Neuropsychology, Development, 
and Cognition. Section B, Aging,  
Neuropsychology and Cognition,  
12(3), 278–98. http://doi.
org/10.1080/138255890968312

Jones, S., Nyberg, L., Sandblom, J., Stigsdotter Neely, 
A., Ingvar, M., Petersson, K. M., & Bäckman, 
L. (2006). Cognitive and neural plasticity in 
aging: General and task-specific limitations. 
Neuroscience & Biobehavioral Reviews, 
30(6), 864–871. http://doi.org/10.1016/j.
neubiorev.2006.06.012

Karbach, J., & Kray, J. (2009). How useful is executive 
control training? Age differences in near and 
far transfer of task-switching training.  
Developmental Science, 
12(6), 978–990. http://doi.
org/10.1111/j.1467-7687.2009.00846.x

Karbach, J., & Verhaeghen, P. (2014). Making 

working memory work: A meta-analysis of 
executive-control and working memory 
training in older adults. Psychological 
Science, 25, 2027–2037. http://doi.
org/10.1177/0956797614548725

Kausler, D. H., Lichty, W., Hakami, M. K., & Freund, J. S. 
(1986). Activity duration and adult age differ-
ences in memory for activity performance. 
Psychology and Aging, 1(1), 80–81. http://
doi.org/10.1037/0882-7974.1.1.80

Kausler, D. H., & Wiley, J. G. (1991). Effects of short-
term retrieval on adult age differences in 
long-term recall of actions. Psychology 
and Aging, 6(4), 661–665. http://doi.
org/10.1037/0882-7974.6.4.661

Kliegl, R., Smith, J., & Baltes, P. B. (1989).  
Testing-the-limits and the study of adult 
age differences in cognitive plastici-
ty of a mnemonic skill. Developmental 
Psychology, 25(2), 247–256. http://doi.
org/10.1037//0012-1649.25.2.247

Klingberg, T., Fernell, E., Olesen, P. J., Johnson, M., 
Gustafsson, P., Dahlström, K., … Wester-
berg, H. (2005). Computerized training of 
working memory in children with ADHD —a 
randomized, controlled trial. Journal of the 
American Academy of Child and Adole- 
scent Psychiatry, 44(2), 177–86. http://doi.
org/10.1097/00004583-200502000-
00010

Klingberg, T., Forssberg, H., & Westerberg, H. (2002). 
Training of Working Memory in Children  
With ADHD. Journal of Clinical and Experi-
mental Neuropsychology (Neuropsychology, 
Development and Cognition: Section A), 
24(6), 781–791. http://doi.org/10.1076/
jcen.24.6.781.8395

Kramer, A. F., Larish, J. F., & Strayer, D. L. (1995). 
Training for attentional control in dual task 
settings: A comparison of young and old 
adults. Journal of Experimental Psycho- 
logy: Applied, 1(1), 50–76. http://doi.
org/10.1037/1076-898X.1.1.50

Krugel, L. K., Biele, G., Mohr, P. N. C., Li, S.-C., & 
Heekeren, H. R. (2009). Genetic variation in 
dopaminergic neuromodulation influenc-
es the ability to rapidly and flexibly adapt 
decisions. Proceedings of the National 
Academy of Sciences of the United States of 
America, 106(42), 17951–17956. http://doi.
org/10.1073/pnas.0905191106

Lager, A., Seblova, D., Falkstedt, D., & Lövdén, M. 
(2016). Cognitive and emotional outcomes 

R 
E 
F
E
R
E
N
C
E
S



P
L
A
S
T
I
C
I
T
Y 

O
F

M
E
M
O
R
Y 
 
F
U
N
C
T
I
O
N
I
N
G

54

variance. Medical Care, 44(11), S69–
S77. http://doi.org/10.1097/01.
mlr.0000245438.73837.89

Mårtensson, J., Eriksson, J., Bodammer, N. C.,  
Lindgren, M., Johansson, M., Nyberg,  
L., & Lövdén, M. (2012). Growth of  
language-related brain areas after foreign 
language learning. NeuroImage, 63(1), 
240–244. http://doi.org/10.1016/j.
neuroimage.2012.06.043

Naveh-Benjamin, M. (2000). Adult age differences  
in memory performance: Tests of an  
associative deficit hypothesis. Journal of  
Experimental Psychology: Learning, Memo-
ry, and Cognition, 26(5), 1170–1187. http://
doi.org/10.1037//0278-7393.26.5.1170

Noack, H., Lövdén, M., Schmiedek, F., & Lindenberger, 
U. (2009). Cognitive plasticity in adulthood 
and old age: Gauging the generality of cog-
nitive intervention effects. Restorative Neu-
rology and Neuroscience, 27(5), 435–453. 
http://doi.org/10.3233/RNN-2009-0496

Old, S. R., & Naveh-Benjamin, M. (2008). Differential 
effects of age on item and associative  
measures of memory: A meta-analysis.  
Psychology and Aging, 23(1), 104–118. 
http://doi.org/10.1037/0882-7974.23.1.104

Olesen, P. J., Westerberg, H., & Klingberg, T. (2004). 
Increased prefrontal and parietal activity 
after training of working memory. Nature 
Neuroscience, 7(1), 75–79. http://doi.
org/10.1038/nn1165

Papassotiropoulos, A., & de Quervain, D. J.-F. (2011). 
Genetics of human episodic memory: 
Dealing with complexity. Trends in Cognitive 
Sciences, 15(9), 381–387. http://doi.
org/10.1016/j.tics.2011.07.005

Papenberg, G., Bäckman, L., Nagel, I. E., Nietfeld, W., 
Schröder, J., Bertram, L., … Li, S.-C. (2013). 
Dopaminergic gene polymorphisms affect 
long-term forgetting in old age: Further 
support for the magnification hypo- 
thesis. Journal of Cognitive Neuroscience, 
25(4), 571–579. http://doi.org/10.1162/
jocn_a_00359

Payton, A. (2009). The impact of genetic research 
on our understanding of normal cognitive 
ageing: 1995 to 2009. Neuropsycho- 
logy Review, 19(4), 451–477. http://doi.
org/10.1007/s11065-009-9116-z

Posthuma, D., Mulder, E. J. C. M., Boomsma, D. I., & de 
Geus, E. J. C. (2002). Genetic analysis of IQ, 
processing speed and stimulus- 

after prolonged education: A quasi- 
experiment on 320 182 Swedish boys. 
International Journal of Epidemiology. http://
doi.org/10.1093/ije/dyw093

Li, S.-C., Papenberg, G., Nagel, I. E., Preuschhof, C., 
Schröder, J., Nietfeld, W., … Bäckman, L. 
(2013). Aging magnifies the effects of do-
pamine transporter and D2 receptor genes 
on backward serial memory. Neurobiology 
of Aging, 34(1), 358.e1–358.e10. http://doi.
org/10.1016/j.neurobiolaging.2012.08.001

Lövdén, M., Bäckman, L., Lindenberger, U., Schaefer, 
S., & Schmiedek, F. (2010). A theoretical 
framework for the study of adult cog-
nitive plasticity. Psychological Bulletin, 
136(4), 659–676. http://doi.org/10.1037/
a0020080

Lövdén, M., Wenger, E., Mårtensson, J., Lindenberger, 
U., & Bäckman, L. (2013). Structural brain 
plasticity in adult learning and development. 
Neuroscience and Biobehavioral Reviews, 
37(9), 2296–310. http://doi.org/10.1016/j.
neubiorev.2013.02.014

May, A. (2011). Experience-dependent structural 
plasticity in the adult human brain. Trends in 
Cognitive Sciences, 15(10), 475–482. http://
doi.org/10.1016/j.tics.2011.08.002

McArdle, J. J., & Nesselroade, J. R. (1994). Using 
multivariate data to structure developmental 
change. In S. H. Cohen & H. W. Reese (Eds.), 
Life-span Developmental Psychology:  
Methodological Contributions (pp. 223–
267). Hillsdale, NJ: Erlbaum.

Melby-Lervag, M., Redick, T. S., & Hulme, C. (2016). 
Working memory training does not improve 
performance on measures of intelligence or 
other measures of “far transfer”: Evidence 
from a meta-analytic review. Perspectives 
on Psychological Science, 11(4), 512–534. 
http://doi.org/10.1177/1745691616635612

Melby-Lervåg, M., & Hulme, C. (2013). Is working 
memory training effective? A meta-analytic 
review. Developmental Psychology, 49(2), 
270–91. http://doi.org/10.1037/a0028228

Melby-Lervåg, M., & Hulme, C. (2016). There is no 
convincing evidence that working mem-
ory training is effective: A reply to Au et 
al. (2014) and Karbach and Verhaeghen 
(2014). Psychonomic Bulletin & Review, 
23(1), 324–330. http://doi.org/10.3758/
s13423-015-0862-z

Meredith, W., & Teresi, J. A. (2006). An essay 
on measurement and factorial in-



55

response incongruency effects. Biological 
Psychology, 61(1–2), 157–182. http://doi.
org/10.1016/S0301-0511(02)00057-1

Rodrigue, K. M., & Raz, N. (2004). Shrinkage of the 
entorhinal cortex over five years pre-
dicts memory performance in healthy 
adults. The Journal of Neuroscience, 
24(4), 956–963. http://doi.org/10.1523/
jneurosci.4166-03.2004

Roig, M., Nordbrandt, S., Geertsen, S. S., & Nielsen, 
J. B. (2013). The effects of cardiovascular 
exercise on human memory: A review with 
meta-analysis. Neuroscience & Biobehav-
ioral Reviews, 37(8), 1645–1666. http://doi.
org/10.1016/j.neubiorev.2013.06.012

Rosenzweig, M. R., Krech, D., Bennett, E. L., & Zolman, 
J. F. (1962). Variation in environmental 
complexity and brain measures. Journal of 
Comparative & Physiological Psychology, 
55(6), 1092–1095. http://doi.org/10.1037/
h0042758

Rönnlund, M., & Nilsson, L.-G. (2008). The magnitude, 
generality, and determinants of Flynn 
effects on forms of declarative memory 
and visuospatial ability: Time-sequential 
analyses of data from a Swedish cohort 
study. Intelligence, 36(3), 192–209. http://
doi.org/10.1016/j.intell.2007.05.002

Rönnlund, M., Nyberg, L., Bäckman, L., & Nilsson, 
L.-G. (2005). Stability, growth, and decline 
in adult life span development of declarative 
memory: Cross-sectional and longitudinal 
data from a population-based study. Psy-
chology and Aging, 20(1), 3–18. http://doi.
org/10.1037/0882-7974.20.1.3

Savitz, J., Solms, M., & Ramesar, R. (2006). The 
molecular genetics of cognition: Dopa-
mine, COMT and BDNF. Genes, Brain 
and Behavior, 5(4), 311–328. http://doi.
org/10.1111/j.1601-183X.2005.00163.x

Schacter, D. L., Kaszniak, A. W., Kihlstrom, J. F., & 
Valdiserri, M. (1991). The relation between 
source memory and aging. Psychology 
and Aging, 6(4), 559–568. http://doi.
org/10.1037/0882-7974.6.4.559

Schacter, D. L., Rich, S. A., & Stampp, M. S. (1985). 
Remediation of memory disorders: exper-
imental evaluation of the spaced-retrieval 
technique. Journal of Clinical and Experimen-
tal Neuropsychology, 7(1), 79–96. http://doi.
org/10.1080/01688638508401243

Schaie, K. W. (2005). What can we learn from long- 
itudinal studies of adult development? 

Research in Human Development, 2(3), 
133–158. http://doi.org/http://dx.doi.
org/10.1207/s15427617rhd0203_4

Schmiedek. (2010). Hundred days of cognitive 
training enhance broad cognitive abilities in 
adulthood: Findings from the COGITO study. 
Frontiers in Aging Neuroscience, 2, 1–10. 
http://doi.org/10.3389/fnagi.2010.00027

Schork, N. J. (2015). Personalized medicine: Time 
for one-person trials. Nature, 520(7549), 
609–611. http://doi.org/10.1038/520609a

Shing, Y. L., Rodrigue, K. M., Kennedy, K. M., Fanda-
kova, Y., Bodammer, N., Werkle-Bergner, 
M., … Raz, N. (2011). Hippocampal subfield 
volumes: Age, vascular risk, and correla-
tion with associative memory. Frontiers 
in Aging Neuroscience, 3, 1–8. http://doi.
org/10.3389/fnagi.2011.00002

Smith, P. J., Blumenthal, J. A., Hoffman, B. M., Cooper, 
H., Strauman, T. A., Welsh-Bohmer, K., 
… Sherwood, A. (2010). Aerobic exer-
cise and neurocognitive performance: 
a meta-analytic review of randomized 
controlled trials. Psychosomatic Medicine, 
72(3), 239–52. http://doi.org/10.1097/
PSY.0b013e3181d14633

Sohlberg, M. M., & Mateer, C. A. (1987). Effective-
ness of an attention-training program. 
Journal of Clinical and Experimental 
Neuropsychology, 9(2), 117–130. http://doi.
org/10.1080/01688638708405352

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, 
S., Salehpour, M., Huttner, H. B., … Frisén, 
J. (2013). Dynamics of hippocampal neu-
rogenesis in adult humans. Cell, 153(6), 
1219–1227. http://doi.org/10.1016/j.
cell.2013.05.002

Stamenova, V., Jennings, J. M., Cook, S. P., Walker, L. A. 
S., Smith, A. M., & Davidson, P. S. R. (2014). 
Training recollection in healthy older adults: 
clear improvements on the training task, 
but little evidence of transfer. Frontiers 
in Human Neuroscience, 8. http://doi.
org/10.3389/fnhum.2014.00898

Stigsdotter Neely, A., & Bäckman, L. (1995). Effects 
of multifactorial memory training in old 
age: Generalizability across tasks and indi-
viduals. Journals of Gerontology - Series B 
Psychological Sciences and Social Sciences, 
50 B(3), 134–140. http://doi.org/10.1093/
geronb/50B.3.P134

Söderqvist, S., Matsson, H., Peyrard-Janvid, M., Kere, 
J., & Klingberg, T. (2014). Polymorphisms in 

R 
E 
F
E
R
E
N
C
E
S



56

the dopamine receptor 2 gene region influ-
ence improvements during working memory 
training in children and adolescents. Journal 
of Cognitive Neuroscience, 26(1), 54–62. 
http://doi.org/10.1162/jocn_a_00478

Söderqvist, S., Nutley, S. B., Peyrard-Janvid, M.,  
Matsson, H., Humphreys, K., Kere, J., &  
Klingberg, T. (2012). Dopamine, working 
memory, and training induced plasticity:  
Implications for developmental research. 
Developmental Psychology, 48(3), 836–843. 
http://doi.org/10.1037/a0026179

Tulving, E. (1983). Elements of Episodic Memory. New 
York: Oxford University Press.

Tulving, E. (2002). Episodic Memory: From Mind to 
Brain. Annual Review of Psychology, 53(1), 
1–25. http://doi.org/10.1146/annurev.
psych.53.100901.135114

Tunbridge, E. M., Harrison, P. J., & Weinberger, D. R. 
(2006). Catechol-o-Methyltransferase, 
cognition, and psychosis: Val158Met 
and beyond. Biological Psychiatry, 60(2), 
141–151. http://doi.org/10.1016/j.
biopsych.2005.10.024

Verhaeghen, P., Marcoen, A., & Goossens, L. (1992). 
Improving memory performance in the aged 
through mnemonic training: A meta-analytic 
study. Psychology and Aging, 7(2), 242–251. 
http://doi.org/10.1037/0882-7974.8.3.338

von Bastian, C. C., & Oberauer, K. (2014). Effects 
and mechanisms of working memory 
training: a review. Psychological Research, 
78, 803–820. http://doi.org/10.1007/
s00426-013-0524-6

Walhovd, K. B., Westerhausen, R., de Lange, A.-M. G., 
Bråthen, A. C. S., Grydeland, H., Engvig, A., 
& Fjell, A. M. (2016). Premises of plasticity — 
And the loneliness of the medial temporal 
lobe. NeuroImage, 131, 48–54. http://doi.
org/10.1016/j.neuroimage.2015.10.060

Wenger, E., Kühn, S., Verrel, J., Mårtensson, J.,  
Bodammer, N. C., Lindenberger, U., & 
Lövdén, M. (2016). Repeated structural 
imaging reveals nonlinear progression of 
experience-dependent volume changes in 
human motor cortex. Cerebral Cortex.  
http://doi.org/10.1093/cercor/bhw141

Woodworth, R. S., & Thorndike, E. L. (1901). The influ-
ence of improvement in one mental function 
upon the efficiency of other functions. (I). 
Psychological Review, 8(3), 247–261. http://
doi.org/10.1037/h0074898

Wright, M., De Geus, E., Ando, J., Luciano, M.,  

Posthuma, D., Ono, Y., … Boomsma, D. 
(2001). Genetics of cognition: Outline of a 
collaborative twin study. Twin Research, 4(1), 
48–56. http://doi.org/10.1375/twin.4.1.48

Yonelinas, A. P. (2002). The nature of recollection 
and familiarity: A review of 30 years of 
research. Journal of Memory and Language, 
46(3), 441–517. http://doi.org/10.1006/
jmla.2002.2864

Zatorre, R. J., Fields, R. D., & Johansen-Berg, H. (2012). 
Plasticity in gray and white: Neuroimaging 
changes in brain structure during learning. 
Nature Neuroscience, 15(4), 528–536. 
http://doi.org/10.1038/nn.30


