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Nicolas Dhondt and David Söderman 

 

 
Working memory (WM) is essential for our ability to function 
cognitively. In this thesis we set out to examine the effects of 
computerized WM training in adults, through a randomized, 
comparison group controlled and double blind design. We measured 
this using a neuropsychological test called Paced Auditory Serial 
Addition Task (PASAT), which measures executive functions. The 
participants (N106), divided into four groups, young (20-30), old (60-
70) and training-low dose. They trained with a computerized WM 
training program called Rememo© at home for five days a week 
during a period of five weeks. Before and after training they took the 
test, and then again after three months. The training gave significant 
improvement on PASAT performance in both young and old, and that 
the effect was significant at follow up. In conclusion, WM training has 
an effect even outside the specific tasks trained, which gives strong 
support to the theory of generalization and also support findings of 
plasticity in the aging brain. 

 

 
Working memory is a cognitive ability of great importance for our cognitive 
functioning. Without WM we would not be able to understand what we read, or learn 
new skills (Frederick, Coolidge & Wynn, 2005). Impairment of WM almost always 
causes grave cognitive symptoms (Frederick, et al., 2005). With age WM deteriorates, 
causing problems in day-to-day functioning such as keeping track of words and 
decreased ability to handle information (Bäckman, Small & Wahlin, 2001). WM 
deficiency is also present in children with ADHD (mostly affecting their ability to 
concentrate) (Westerberg, 2004), in adults with schizophrenia (Perlstein, Carter, Noll & 
Cohen, 2001) and in stroke victims (Westerberg et al., 2007). The working hypothesis 
was that memory training is one way of addressing different memory problems. Instead 
of focusing on Long Term Memory (LTM) (encoding of episodes like your first kiss or 
your first day at work) and semantic memory which refers to our general knowledge of 
the world (Bäckman et al., 2001), WM was examined as a central component in our 
ability to function cognitively. 
 
This master thesis is based on selected parts of the material that evolved from Helena 
Westerberg’s study of the function of WM training in healthy adults at Aging Research 

                                                
* We would like to take the opportunity to thank our supervisor Helena Westerberg for inspiration and 
advice, and Yvonne Bremer for valuable advice on statistical matters. 
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Centre at Karolinska Institutet in Stockholm. The working hypotheses for our thesis is 
thus formulated within the boundaries of Westerberg’s study. 
 
The aim of Westerberg’s study is to gain increased understanding of the genetic and 
neuronal mechanisms underlying the capacity of WM and individual potential gains 
through training. 
 
Westerberg’s study aims to answer the following questions: 
 

1. Is it possible to train WM of older people? 
2. If this is the case, does the training have any effects on other cognitive 

functions? 
3. Are there any task specific differences in the activity of the brain between 

younger and older people initially and after the memory training? Can the 
genetic factors of the dopaminergic system explain differences in the capacity of 
WM, brain activity and the possibility to gain from WM training? 

 
If the results from this study show positive gains in the capacity of WM from training, 
this will imply new knowledge about the brains` plasticity among elderly. 
 
This master thesis examines the interaction of WM training and results on a 
neuropsychological test called Paced Auditory Serial Addition Task (PASAT). PASAT 
is a measure of cognitive function that specifically assesses auditory information 
processing speed and flexibility, as well as calculation ability. These are all key features 
associated with WM. The test was initially developed by Gronwall (1977) to monitor 
the recovery of patients who had sustained mild head injuries. WM training program 
used in Westerbergs’ study does not specifically include the elements of PASAT. 
Therefore we set out to study implicit training effects i.e. the generalization of WM 
training to WM tasks not included in the training program. This study is unique due to 
the fact that we have studied the effect of WM training among healthy adults, which to 
the best of our knowledge has not been done before. We base our thesis on these 
hypotheses: 
 

• Training of WM in adults, young and old, will give a significant increase in 
PASAT results.  

• By comparing the PASAT results of the training and low dose groups, a 
significant training effect will become visible.  

• Comparison of the results will show significant effects on PASAT within the 
two age groups, between training and low dose. 

• Comparison of results at baseline, after five weeks of training and remaining 
results after three months for all groups will show an overall significant positive 
effect of training. 

• Training of WM will lead to implicit learning and generalization of trained 
skills.  
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Theoretical background 
 

Definition of WM 
 

“Working memory refers to a brain system that provides temporary storage and 
manipulation of the information necessary for such complex cognitive tasks as language 
comprehension, learning and reasoning.” (Baddeley, 1986) 
 
Working memory reflects the ability to keep current information conscious during a 
brief period of time and to use this information in broader thinking and reasoning. WM 
as a mental function plays an important role as a part of higher cognitive activity, for 
example in analytic ability, problem solving and in executive functions as well as 
controlled parts of attention and impulse control. The reason for the central role of WM 
could be that the information kept active by WM makes way for other cognitive 
processes, e.g. encoding of new information into LTM (Bäckman et al., 2001). WM is 
crucial for the ability to maintain task specific information (for example instructions) 
during parallel information processing and simultaneous exclusion of distracters 
(Miyake, Shah, 1999).  
 
A model of WM was suggested by Baddeley (1986). His model of WM includes three 
components. Two of these are specialized for the maintenance of speech-based, 
phonological information, and visual and spatial information respectively. The third 
component of this model is the central executive which according to Baddeley is 
responsible for the control and regulation of cognitive and executive functions. This 
central executive component is mostly linked to activity in the frontal lobes (Olesen, 
Westerberg & Klingberg, 2004). This is a wide definition of WM that has been 
questioned (Bäckman et al., 2001) and the model has also been used as a theoretical 
base for further specification of WM components. 
 
Working memory resembles or overlaps other cognitive constructs such as short term 
memory (STM), executive functions, attention, concentration and interference control. 
The term WM is today the most frequently used term and is often considered to include 
the properties of STM. There is no consensus to the exact content of WM, but in general 
a definition of WM includes seven components. The first component is Content, which 
is the ability to hold information transiently on-line in order to perform a task. This 
information is either external, received via sensory input, or internal, retrieved from 
LTM. In order to use the information in different modalities, for example executing a 
muscular movement based on sensory input such as an instruction on a machine in the 
gym, we use a component called Process. Rehearsal is a strategy to keep information 
available in WM in order to use it (e.g. remembering a phone number until you 
complete dialling it). The content held in WM is only available for a short time (up to a 
minute) before it starts to disappear; this is referred to as Decay. The ability to discard 
irrelevant information while performing a task is a complex function called Interference 

control. Capacity refers to the ability of keeping parallel information active in WM. 
Most commonly normal capacity is defined as keeping seven (+/- 2) items active in 
parallel in WM. This figure can be extended by chunking information closely related, 
thus expanding WM capability. Last but not least, Load effect refers to the effectiveness 
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of WM processing – the ability to use information in order to execute a given task 
(Westerberg, 2004). 
 
Working memory is a sensitive and relevant measure of general cognitive development 
during childhood and youth, as well as of declining ability in aging. This makes WM an 
interesting object to study as a measure of changes in cognitive capacity during the 
lifecycle. 
 

Executive Functions 

In this thesis we are looking at a WM function associated with executive control. 
Executive control can be defined as the ability to plan and execute tasks and it is also of 
great importance for the ability of abstract reasoning. In PASAT the participants are 
required to make mental calculations and at the same time be able to continually update 
these calculations. These mental tasks all require executive control in order for the 
participants to keep parallel information active while performing the calculations.  
 
Miyake et al. (2000) delimited a study of WM to three executive functions for which 
they used three specific tasks selected to tap these specific features. Using these three 
tasks Miyake was able to use statistical methods to shed light on the extent of unity or 
diversity among these three different modalities (Miyake et al, 2000). The three 
functions examined were (a) shifting between tasks or mental sets, (b) updating and 
monitoring of WM representations, (c) inhibition of dominant or powerful responses. 
 

 
Figure 1. Model of executive functions (Miyake et al. 2000)  
 
Through confirmatory factor analysis (a multivariate analysis technique) they came up 
with a theoretical model (see figure 1). The models’ ellipses represent the three target 
latent variables, a rectangle represents manifest variables (i.e. the individual tasks used 
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to examine the specific functions are indicated by the straight one-headed arrows). The 
curved double-headed arrows indicate correlations among the latent variables (Miyake 
et al., 2000). It seems that the model actually fits data from the study quite well, which 
rules out that these tests measure the same underlying components of WM. Miyake’s 
study also showed that there are connections between these different factors, which are 
of great importance in the execution of complex WM tasks. 
 
Miyake’s model maps the parts of WM used in performing PASAT. The test requires 
the participant to use all of the variables identified as part of executive functioning; 
updating in order to add new numbers, inhibition by not adding the new number to the 
result of the most recent addition completed, and shifting between calculating and 
encoding. 
 

Cognitive aging and plasticity in the aging nervous system 

WM is in constant use as information from our senses is being processed. It is also 
involved in, and necessary for, our ability to plan ahead and adapt our thoughts and 
behaviour to our intentions. From an anatomical perspective these functions are 
connected to each other through their association with the frontal lobes, the part of the 
brain where an increased activity has been demonstrated as a function of WM training 
(Olesen, Westerberg & Klingberg 2004). 
 

 
 
Figure 2. fMRI image showing level of activation in one participant during WM 
performance (courtesy of Westerberg, ongoing study 2007)  
 
Cognitive functions are not controlled by isolated parts of the brain, but are supported 
by networks of nerve cells with connections to different parts of the brain. The function 
of WM is associated with the frontal lobes and their connections with the striatum, 
which works in collaboration with parietal parts of the brain when handling visuospatial 
information, and with temporal parts, when handling verbal information (see figure 2). 
The frontal lobes are unique in that they receive and integrate information from all of 
the body’s sensory organs, and also have afferent (i. e. descending) connections, for 
example to our motor systems. This makes the frontal lobes well suited for the 
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organisation and planning of thoughts and behaviour, i.e. the executive functions 
(Gazzaniga, Ivry & Mangun, 2002).  
 
The density of neurons and the amount of white matter in the frontal lobes decreases in 
the later parts of the aging process (Raz et al., 2004). The neurotransmitter closest 
associated with WM is Dopamine. The number of postsynaptic receptors of Dopamine 
is reduced by about 10% per decennium during our adult lifespan. This is one of the 
explanations for the functional cognitive decay caused by aging (Bäckman, Nyberg, 
Lindenberger , Li, & Farde, 2006). 
 
Plasticity is the term used for the ability of the brain to change physically. In recent 
years it has been suggested that plasticity, contrary to earlier belief, occurs even in 
adults and elderly. At the same time the older brain is more rigid than the younger brain. 
This limited plasticity in the adult brain has been suggested to serve as a protection of 
the brain against too large changes that could possibly cause harm (Gazzaniga et al., 
2002). Plasticity is often discussed in relation to traumatic brain injury and the cognitive 
improvement during rehabilitation. At a micro level plasticity seems to be an important 
part of the process of encoding new memories. Learning in an adult brain involves a 
process called Long Time Potentiation/Inhibition, which results in a change of synaptic 
weight between neurons in the brain’s circuitry creating new associative connections 
(Gazzaniga et al., 2002,). In this master thesis, the assumption is made that plasticity is 
a prerequisite for improved results after WM training. In a recent study conducted by 
Westerberg et al. (2007), effects of WM training in people that have suffered from 
stroke were examined. The result shows improvement on cognitive tasks. In another 
study fMRI data shows increased activity in the frontal lobes in healthy adults, using the 
same computerized training program (Olesen, Westerberg & Klingberg 2004). 
 
Training of WM 

Cognitive intervention research with elderly participants has foremost focused on 
training of the episodic LTM functions with different forms of strategies, e.g. 
organisation and visualization or specific mnemonics. The results of these studies can 
be summed up in the following points: 
 

• Elderly persons increase their episodic memory functions after training. 
• The effects can remain at re-tests up too three years after the training has 

finished. 
• The effects are task specific. In other words the effect does not generalise to 

other cognitive domains or to memory material that is not included in the 
training program. 

 
There is still a lack of well documented long-term effects of perception training, and the 
scientific position for cognitive training is unclear. Within the scope of the so called 
Cochrane Collaboration, there is an ongoing collection and compilation of clinical tests 
with cognitive training after brain injuries (www.cochrane.org). It is considered, 
however, that the number of patients in these studies is too limited to draw any valid 
conclusions. Another problem is that only very few of the studies are randomized and/or 
placebo controlled. 
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Studies have shown, (e.g. Westerberg, 2004), that WM can improve through 
computerized training among children with concentration difficulties. After intense and 
methodical training of WM in this group, significant improvements in WM capacity 
became visible. The improvement was also generalized (more on generalization below) 
effecting connected abilities, such as the ability to concentrate, attention, and problem 
solving. The effect of the training was of the magnitude that it also reflected individual 
behaviour in everyday life (Klingberg et al., 2005). A study of WM training in middle 
aged stroke victims showed that intensive training of WM improved performance on 
both trained and non-trained tasks measuring attention and WM. The training had no 
effect on LTM. Improvement occurred 1-3 years post injury. Trained participants 
reported significant improvement in daily cognitive functioning (Westerberg et al., 
2007). 
 
Explicit and implicit learning 

Explicit learning is an active process where one seeks knowledge, e.g. reading a book in 
search of knowledge. Implicit learning can be characterized as a passive process, where 
one is exposed to information, and acquire knowledge of that information simply 
through that exposure. However, in this master thesis, implicit learning is referred to as 
a passive process during which one acquires skills through exposure to information. 
There are different kinds of implicit learning. In the context at hand we deal with 
procedural memory, more specifically acquisition of cognitive skills that are not directly 
accessible to consciousness, only demonstrated indirectly by action (e.g. riding a bike) 
(Bäckman et al., 2001).   
 
Acquisition of cognitive skills is a relatively slow process. Initially acquisition requires 
other types of memory to be involved in order for WM training to have a lasting effect. 
Training effects are not stored in WM, but in the memory system referred to as the 
procedural memory. Over time performance of the skill will be transferred to procedural 
memory. In contrast to other types of memory, procedural skills seem to be quite 
persistent over time (Bäckman et al., 2001).  
 
Implicit learning is not only about acquiring new skills, it is also about improvement of 
already existing skills. This makes implicit learning an interesting phenomenon due to 
its connection with generalization of skills such as improved WM ability. 
 
Generalization 

Implicit learning results in implicit skills which passes almost unnoticed. By 
generalization the ability to use implicit skill in a task not specifically learned or trained 
is made possible. Generalization of training can be divided into three levels. At the first 
level, the subject shows improved results on the trained WM task, construct effect. 
Second, there is a transfer effect, where the participant improves on tasks not previously 
trained. This can be seen as an effect of improved WM reasoning. Third, the effect is 
transferred to situations outside of the laboratory. This improvement is called reality 

effect, and refers to improvement of cognitive functioning in daily life (Gordon, 1987).  
 
In the training program mental calculation was not part of the training. Of the three 
executive functions presented by Miyake (see figure 1), only updating and inhibition are 
part of the training program. The complex component shifting, which is important for 
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PASAT performance, is not included in the training program. An improvement, after 
five weeks of WM training, in this specific task could therefore be the result of a 
generalization effect. The participant can use implicit skill to improve his or her results 
on PASAT. 
 

 

Method 
 

The regional ethics committee at Karolinska Hospital in Stockholm approved the study. 
Participants submitted written informed consent before testing, as per the Declaration of 
Helsinki. 
 
This study was a randomized, comparison group controlled and double blind evaluation 
of the effects on cognition before, after and at follow up of computerized training of 
WM at normal aging. We were using a parallel group design where 106 persons were 
recruited, with two groups of younger persons (20-30 years) and two groups of older 
persons (60-70 years). In Westerberg’s study a sub sample of 48 persons were also 
examined with fMRI before and after the training period. In this master thesis fMRI 
data has not been used. All participants left a blood sample before they entered the 
training (this was to collect genetic information), but this information was not used in 
this master thesis. 
 
One older and one younger group constituted the training group. The other two groups 
were assigned to go through control training with the same program but at a low 
training level. The comparison group design allowed us to control for unrelated factors 
that might have had an influence on the results, e.g. test-retest effects etc. 
 
The original data from the participants was coded and treated as journal material, i.e. 
locked up inside a document locker at Age Research Centre. The data that has been used 
for analysis has been coded with a participant-ID rendering the participants impossible 
to identify. 
 
Six persons never completed the training period and were therefore excluded from the 
study.  
 

Table 1: Number of participants in each of the four groups 

 Training Low dose Total 

 Old  N 26 N 19 N 45 
Young N 29 N 26 N 55 
Total N 55 N 45 N 100 

 
The computerized training program 

The software for the computerized training program was supplied and developed by 
Cogmed Cognitive Medical Systems AB. The training consisted of a set of WM tasks 
that each participant carried out on their home computer five days a week during five 
weeks. The tasks were: digit span backwards, word completion, detection of pseudo 
words, paired letter-position association, and three visuospatial tasks (for more details 
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of the components of the program, see below). The participants worked through 4-5 
tasks daily, which took about 30 to 40 minutes. The exercises changed over the five 
week period and the program adjusted to the level of the participants’ performance. 
After that the participants had finished their training for the day, they reported via 
internet to Westerberg, who in return contacted the participants weekly via e-mail, to 
comment and give feed-back on their results. 
 
In this study two different training programs have been used. In appearance they were 
identical, but one of the programs constantly adjusted its level of difficulty to the 
participants’ performance, while the other one held the same low level of difficulty. The 
first group used the training program, while the other used a low dose training program. 
Our design with a control group usually calls for a placebo control, but this was found 
to be difficult without loosing the participants’ motivation. Therefore we expected some 
training effects from the low dose training program. 
 
Task Description 

WM training program contains seven tasks described below. 
 

Reproducing a light sequence in a visuospatial grid 
Lamps, arranged in a four-by-four grid, were displayed. The participant watched several 
lights go on and was then asked to reproduce the same sequence. 
 

Indicating numbers in reverse order  
A keyboard with numbers was displayed and then digits were read out loud. Participants 
responded by indicating the same numbers but in reverse order. 

 

Identifying letter positions in a sequence  
Letters were read aloud, one at a time. The participant had to remember the letters and 
the order in which the letters were read. A row of lights was then visible and a flashing 
light cued the participant to indicate the letter that was read in the sequence. For 
example, if light number three was lit, then the participants reported the third letter that 
they had just heard. 
 

Identifying a letter sequence in pseudo words  
Participants kept track of letters displayed in columns. A sequence of letters was 
vocalized, while a light (above each column) flashed for each letter that was spoken. 
Participants clicked on the letter that was said first, then the second, third, and so on 
until the entire pseudo word was reproduced. 
 

Finding mismatched letters  
Two sequences of letters (pseudo words) were vocalized. Each sequence was nearly the 
same but there was one difference in the second sequence. The participants had to click 
on a button, which indicated the letter that did not match the first sequence. For 
example, if P D A was said first and then P D I, then they clicked the button above I. 
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Reproducing a light sequence in a rotated grid  
This is a rotating version of the visuospatial grid task described above. After the 
sequence of lights went on, the grid panel rotated 90º clockwise and the participants had 
to reproduce the sequence in the panel’s new position. 
 

Reproducing a light sequence in a 3D visuospatial grid  
Lights were symmetrically positioned in a 3D ‘room’ with five inner ‘walls’. The 
participants watched several lights go on and then reproduced the same sequence. 
 
Neuropsychological testing 

Each person assigned to the study went through a neuropsychological test battery, 
consisting of Ray Auditory Verbal Learning Test (RAVLT) (15 words + retention after 
30 min), Stroop interference (in Dodrills’ version, one page = 100 words), Digit Span 
(from Wechsler Adult intelligence scale-Neuro), PASAT, RAVEN Standard 
Progressive Matrices (set E, 12 tasks), Span Board (from Wechsler Adult Intelligence 
Scale-Neuro) and a computerized reaction time test. The authors of this thesis 
administered all tests except the computerized reaction time test. In addition the 
participants filled out two self evaluation scales (CFQ, EMM), not included in this 
master thesis. All participants included in this study went through the tests at three 
different occasions (meaning that they took each test three times, filled in the evaluation 
scales three times etc.). The first time just before the training had begun, the second 
time when they just had completed their training and the third time three months after 
they had completed their training.  
 
 

Paced Auditory Serial Addition Task  

 
PASAT was originally presented by Gronwall (1977) as a measure of information-
processing rate, but it has since been used extensively as a test of divided attention, on 
the rationale that it requires participants to simultaneously attend to several subtasks of 
sensory registration, retention of digits, mental arithmetic, and the making of a response 
at the appropriate time (Gronwall & Sampson, 1974). It was originally claimed 
(Gronwall & Wrightson, 1974) that PASAT performance was unrelated to IQ or 
mathematical ability. Furthermore, Gronwall (1977) suggested that there was a 
significant practice effect only between first and second administration, with further 
practice producing only “negligible improvement”. Some of these claims have been 
questioned. Brittain, La Marche, Reeder, Roth, and Boll (1991), Deary, Langan, 
Hepburn, and Frier (1991), and Egan (1988) have all observed significant correlations 
between PASAT performance and various measures of intelligence, including the 
Wechsler Adult Intelligence Scale-Revized (WAIS-R). Furthermore, Feinstein, Brown, 
and Ron (1994) have demonstrated that the practice effect may extend over five testing 
sessions separated by 2–4 week intervals. 
 

Why PASAT? 

Of the neuropsychological tests administered in Westerberg’s study, PASAT is in 
comparison a “clean” test of executive functioning. It also involves components not 
specifically included in the computerized training program, which is essential in order 
to study generalization.  
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With Raven there is a problem with ceiling effect due to test-retest effect and lack of 
complexity, which makes conclusions from statistical results uncertain. Stroop in 
relation to WM is more complex because it involves many neuropsychological 
functions, and would require more complex measurements (e.g. fMRI) in order to draw 
conclusions in relation to WM. RAVLT is not stringent enough because the results 
depend too much on memory strategies and it is designed as a test for measuring LTM 
encoding. Digit Span and Span Board are both part of the training program, therefore 
ruling out implicit memory and generalization which we set out to study.  
 
PASAT procedure 

PASAT was administered as follows: A series of 60 numbers (randomly selected from 
the range of 1 to 9) was presented auditory (via computer), with a constant (2.4 sec) 
interval between each number. The participants’ task was to add the first two numbers 
together, and respond with their sum in the interval between the second and third 
numbers. Then, after the presentation of the third number, the participant responded 
with the sum of the second and third number in the interval between the third and fourth 
number, and so on. Responses were recorded on paper by the administrator. The 
participant was awarded one point per correct answer adding up to a maximum of 60 
points. The instructions were followed by a practice trial, after which the test was 
administrated. 
 
Standardization of the test 

The normative data for the PASAT are as follows: Mean (M) of correct responses for a 
2.4 second interval is 47.4 with a standard deviation (S.D.) of 10.1 for ages 16-29; 
M=43.4 and S.D.=10.2 for ages 30-49; M=43.5 and S.D.=13,6 for ages 50-69 (Diehr, 
Heaton, Miller & Grant, 1998). 
 

Cognitive Processes Evaluated by PASAT 

The most basic process involved in the test is information processing. The test is thus a 
measure of that rate. PASAT requires active suppression of internal information, 
specifically the common error of adding the new number to the sum that has just been 
spoken by the participant. PASAT requires participants to separate their responses from 
the auditory stimuli and process each set of information accordingly. This ability is 
called dual processing, which is defined as the ability to simultaneously maintain and 
perform separate operations on two sets of information (Miyake et al., 2000).  
 
As mentioned in the theoretical background PASAT involves all of the three functions 
identified by Miyake, updating in order to add new numbers, inhibition by not adding 
the new number to the result of the most recent addition completed, and shifting 
between calculating and encoding. Therefore PASAT can be seen as an assessment of 
executive functions.  
 
Factor analysis reveals that PASAT has a greater association with attention and 
immediate memory and information processing than with general memory (Larrabe et 
al., 1995). Moderate correlations have been found between PASAT and other tests of 
WM, such as the WAIS-R Arithmetic Subtest and the Consonant Trigrams (Sherman et 
al., 1997).  
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Gender, Age and IQ 

PASAT performance has not been shown to be influenced by gender (Brittain et al., 
1991). Based on this we chose to exclude this factor in our analysis.  
Most studies indicate that both age and intelligence contribute to PASAT performance. 
Weins et al. (1997) found that older participants did not perform as well as the younger 
participants and those with higher WAIS-R FSIQ (Full-Scale Intelligence Quotient) 
scores had stronger PASAT performance than those with lower FSIQ scores. In our 
study we have not included IQ as a factor. Weins’ results in combination with age 
related decay in WM capacity, mentioned above, constitute the base for our working 
hypothesis.    
 

Mathematical Ability and Education Level 

In a sample of young adults (mean age = 16.58 years), Egan (1988) found that PASAT 
was strongly correlated with mathematical ability. Sherman et al. (1997) also found that 
mathematical ability, measured by the WAIS-R Arithmetic Subtest, correlated with 
performance on PASAT in a sample with a mean age of 32.7 years. However, the 
Arithmetic Subtest is not a pure measure of mathematical ability as it also emphasizes 
WM.  
 
Bias in PASAT? 

PASAT has been criticized for being sensitive to outside factors, such as disturbance 
during the test. Other factors that can influence the results are the time of day, e.g. the 
participant has been working all day and is therefore moderately amused by calculation. 
By using a large sample (N 106) and a low dose control group, we were able to control 
for possible negative effects of outside factors. We have also, as far as possible, seen to 
that the participants have taken the test the same weekday, and at the same time of day, 
and with the same test administrator, for each of the three occasions. We have 
administered the test in a quiet room to avoid disturbing stimuli. The possible 
administrator bias was tackled by using a double-blind research design.  
 

Procedure 

Recruitment 

The participants in this study were recruited via ads in newspapers. Participation was 
voluntary and the persons that were included received a symbolic financial 
compensation. 
 

Inclusion criterions: 

- The participant was required to have daily access to a computer with an internet 
connection. 

- The participant needed knowledge of how to install a computer program and get 
connected to the internet. 

- The participant had to be motivated enough to go through with the training and 
tests. 

- The participants were required to sign the informed consent before they entered 
the study. 
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- fMRI Participants were not allowed to be smokers or pregnant. 
 

Exclusion criterions: 

- Illness that might impair the cognitive functioning, e.g. a diagnosis such as 
Alzheimer or a psychiatric disorder like depression. 

- IQ < 70. 
- Impairments in motor or perceptive skills which could make computer based 

information (visual or verbal) difficult to handle or difficulties in handling a 
computer mouse. 

- Claustrophobia (due to the cramped space in the fMRI camera). 
- Alcohol or substance abuse. 

 

Data collection order 

First contact – via email 

Each person that had shown interest in joining the study received an email from 
Westerberg with information about: 

- The training method 
- The neuropsychological testing 
- The brain imaging method fMRI 
- The genotyping (i.e. the blood test) 

 

First visit 

- Neuropsychological baseline testing 
- Signed consent was gathered from the participants. 
- Blood test was taken by a nurse 
- The participants each received a copy of the training program 
- The sub sample of 48 persons went through an fMRI examination 

 
Training period 

- The computerized training was done by the participants at home during a five 
week period. 

 
Second visit 

- Retest after the training period with the same neuropsychological test battery 
that the participants went through before training 

- Participants in the fMRI group went through an fMRI examination 
 

Third visit 

- Follow up three months after the training was finished. The participants went 
through the same test battery as before. They also recieived feed back on their 
test results and the low dose participants were offered the high dose version. 
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Statistical analysis 

 

As described above we have four separate groups that have been tested at three different 
times. The groups are: young training, young low dose, old training and old low dose. 
The three times are T1 (baseline - before training), T2 (post-test - after completed 
training), and T3 (follow up - after three months). This gave us two between subject 
factors. We have chosen to call the first factor Age and it contains the two levels, young 
and old. The other between subjects factor is called Group and this contains the two 
levels training and low dose. The design of our data collection also gives us one within 
subject factor. This factor is called Time and refers to the three levels T1, T2, and T3.  
 
Given the purpose of our study, we were interested in how the groups differed over the 
three testing time points. We were also interested in if, and in that case, how our three 
factors interacted. In addition, we wanted to test if the variance between the groups and 
between the time points were significantly larger than the variance in each group at 
every time point (variance between conditions > variance within conditions). In order to 
make this possible we used an Analysis Of Variance (ANOVA). As described above we 
have three factors, two between and one within subject, which means that we used a 
mixed 2x2x3 design to analyze our data. In other words, we used a General Linear 
Model for repeated measures. The results of the tests were reported in SPSS as F-ratios 
with p-values. The p-value told us whether the F-ratio was to be considered significant, 
and thus if we could reject the null hypothesis. In order to look for significant effects 
between the levels in the within subjects factor we performed within subjects a-priori 
contrasts, with the reference category set at T1. In this form of data analysis, potential 
violations to the assumptions of sphericity can cause problems in interpreting the 
univariate statistics. However, this was not the case in our study. 
 

The data file that was used in the analysis has been cleaned for outliers, errors, and 
missing values. The data file was created and encoded twice, once by the writers of this 
thesis and once by the principal investigator of the main project, Helena Westerberg, 
which secured a clean data file.   
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Results  
 

In Figure 3 the average performance levels of all groups over time are shown. In this 
figure trends become visible and it is possible to follow the development of each group 
with regards to performance on PASAT. The main conclusion from this graphical 
display is that all four groups improved their PASAT performance from T1 to T2, and 
while this level was stable for the younger age group, there was a moderate decline in 
performance from T2 to T3 for the older age group. A presentation of our statistical 
analysis follows below. (For means and S.D. see Appendix 1, Table 1.)     
 

 
Figure 3: PASAT scores for the four groups over the three testing time points, 
respectively 
 
Tests of Between-Subjects Effects 
The main effect for the factor Age was significant, F1,95 = 8.24, p < .005, Eta Square 
(ES) .08. This tells us that the younger and older adults differ in their mean PASAT 
performance across the three time points. Neither the main effect for the factor Group; 
F1,95 = .415, p =.521, nor the interaction effect for Age*Group were significant; F1,95 = 
.181, p = .671.  
 

Tests of Within-Subjects Effects 

There was a significant main effect for the within factor Time, F2,190 = 31.24, p < .0005, 
ES .25. This means that there is a difference in performance for the groups between the 
three time points, i.e. all groups improved their performance over time.  
 
There was also a significant interaction effect for Time*Group, F2,190 = 7.69, p < .001, 
ES .074. This indicates that the performance of the training and the low dose groups 
differed over the three time points due to the positive effects of training. The interaction 
between the factors Time*Age and Time*Age*Group were non significant; F2,190 = .61, 
p =.55, F2,190 = 1,69, p = .19, respectively.   
 
Tests of within subjects contrasts 

A-priori tests showed significant effects on performance on the factor Time, at T1 
compared to T2, F1,95 = 54.35, p < .0005, ES .36 and for T1 vs. T3, F1,95 = 32.40, p < 
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.0005, ES .25. This tells us that the performance levels were significantly higher after 
five weeks training as well as at three-months follow up, for all participants compared 
to baseline performance.   
 
The a-priori tests also showed that there was a significant interaction effect for 
Time*Group T1 vs. T2, F1,95 = 13,48, p < .0005, ES .12, as well as for T1 vs. T3, F1,95 = 
7,85, p < .006, ES .08. This tells us that the groups (training and low dose) showed a 
significant difference in performance for both T2 and T3 compared to T1. In other 
words, after five weeks, the training group improved more in performance than the low 
dose group. This improvement and the difference between the groups persisted at follow 
up. 
 
Finally a three way interaction effect was found between Time*Age*Group. This 
proved to be significant for T1 vs T2, F1,95 = 3.925, p < .05 ES .04. This effect means 
that there is a difference between the training and low dose groups as well as between 
the age groups (young and old) for T1 compared to T2. The information given in the 
graphs in figure 1 tells us that it was the older training group that gained significantly 
more, in comparison to the younger training group. There was no significant effect for 
the interaction Time*Age*Group between T1 and T3 F1,95 = 1.01, p = .32.     
 

 
Discussion 

 
Potential effect of training on PASAT performance 
The interaction of WM training and PASAT performance proved to be rather strong. 
Even the groups that had the low dose training program increased their results on 
PASAT significantly after five weeks of training. Most striking was the increase in the 
older training group. Their results, after five weeks of training, were above those of the 
younger groups at baseline. The older training group had, after merely five weeks, 
somewhat surprisingly surpassed individuals 30-50 years younger than themselves on 
PASAT performance.  
 
We could also see maintenance effects after three months. There was a tendency of 
decreasing results in the older group, but this tendency proved not to be statistically 
significant (see Figure 3).  
  
General PASAT performance improvements for all participants?  

All groups that participated in this WM training study improved their PASAT 
performance. This is reflected in the tests of within subject effects where a significant 
effect for the factor Time was found. If the low dose group would have been equal to a 
placebo group, then this improvement would probably be a result of the test-retest (or 
learning) effect. Although this training effect probably constitutes a part of the 
explanation, another reason for this could be effects of the low dose program. The low 
dose groups were performing WM tasks during the training period, and although the 
level of training was not adjusted to the participants’ skill (as in the training group), 
they most likely gained from their low dose training. The improvement in all groups 
also seems to be almost constant at follow up. 
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Baseline data for younger and older adults 
We found a clear difference between younger and older adults at baseline (Myoung = 
52.56, SD young = 5.24; Mold = 48.98, SD old = 8.01). These results probably reflect the 
change of WM capacity during lifespan (Bäckman et al., 2006). 
  
The difference between the older training group and older low dose group at baseline 
appears to be significant (Mold training = 47.77 SD old training = 7.21, M old comparison = 50.63 
SD old comparison = 8.93), but it proved not to be significant, F = 1.41, p = .24. 
 
Our groups all achieved higher scores at baseline compared to the standardized scores 
reported in the literature (see the method section above). The SD in our study was also 
markedly smaller. This could result from the fact that the majority of our population 
was well educated and healthy.                  
 

Comparison of training effects for younger and older adults 

The a-priori tests of contrasts showed that we had a significant effect for the interaction 
between Age*Group*Time, comparing T1 to T2. Following the information given in 
Figure 3, we can draw the conclusion that the older group gained significantly more 
from training (the difference between T1 and T2 was MT2-T1 = 6.61, SD T2-T1 = 6.4 for 
the older training group and MT2-T1 = 3.64, SD T2-T1 = 4.1 for the younger group). This 
could be caused by a ceiling effect, possibly a result of the limited complexity of the 
task and of the limited range of the calculations performed (the task only contains 
adding of single digits). This means that it is plausible that the younger group gained 
more from training than our results reveal. It is also possible that the length of the 
PASAT influenced the results. If the task would have been longer, then perhaps we 
would have seen the same pattern of training effect in the younger group. Increasing the 
level of complexity of the task, either by increasing the complexity of the calculations 
or by speeding the task up, the pattern of the training effect would perhaps become more 
similar for younger and older adults.  
 
Another possible explanation for the difference in training effect between the age 
groups could be that the younger group is close to peak performance concerning their 
capacity of WM, while the older group has more to gain from training due to WM decay 
during the lifespan (Bäckman et al., 2006). 
       
One important point to make is that the difference in mean gain between T1 and T2 for 
the two training groups might seem larger than it really is. Even though we found a 
significant difference, the ES for this is only .04, which indicates a high insecurity in the 
possible interpretations of these results.  
  
Comparison between training and low dose groups 

As stated above, all participating groups gained in PASAT performance over the three 
time points. But between T1 and T2 the training group gained significantly more than 
the low dose group, as shown in the a–priori contrasts. This is true for both the younger 
and older training groups, meaning that both groups gained similarly.  
 
When the significant interaction for Time*Age*Group is combined with the 
information given in Figure 3, one interesting conclusion is that the older training 
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group’s performance at T2 is almost equal to the younger low dose group. Although this 
result should be interpreted with caution (more tests of WM with the same results and 
probably also larger populations are needed) this give rise to exciting hypotheses about 
WM memory training as compensation for age related decline in WM capacity.  
 
The effect on PASAT performance for the training group is still significant at follow up, 
meaning that the results of the training program are stable over time. In other words, the 
training group has gained significantly more between T1 and T3 than the low dose 
group. These results indicate that training promotes long term WM improvements.   
The fact that the effect was still significant for both training groups compared to 
baseline testing, could be explained by the comparatively slow decay of procedural 
memory (Bäckman et al., 2001).  
 
Following the information given in Figure 3, the mean performance of the younger 
training group was almost equal between T2 and T3. The pattern for the older training 
group was not similar to the younger training group. The performance of the older 
group deteriorates between T2 and T3, although their performance at T3 was still higher 
than for the older low dose group. This deterioration could perhaps reflect a lack of 
plasticity among the older adults. Maybe the areas of the frontal cortex involved in 
executive functioning more easily adapt to the changes promoted by training in younger 
persons, and the effects therefore become more long-term. This is of course just 
speculations and an answer calls for future investigation. Hopefully, Westerberg (2007 
in progress) will be able to give an answer to these speculations in her study, in which 
fMRI was used. 
 
Generalization of WM training 

It seems that the increase in WM capacity in the training group was directly linked to 
training. Even though the training program did not include any calculation exercises, the 
participants performed significantly better on PASAT after training. There is of course a 
risk that the increase, as mentioned earlier, was a result of training effects due to 
strategies developed by the participant after taking the test a number of times. But as 
mentioned above, the training group improved significantly more from training, which 
means that we found a training effect.  
 
Given the cognitive components measured by PASAT, our results can be interpreted as 
a sign of a generalisation effect. Gordon (1987) presented three levels of WM 
generalisation (see theoretical background). The results from this study show a 
generalization effect for the first two levels. According to Gordon the participant shows 
improvement on the trained WM task (construct effect) at the first level. PASAT 
measures WM and an effect was found, thus the first level was reached. At the second 
level, there is a transfer effect, where the participant improves on tasks not previously 
trained. This can be seen as an effect of improved WM reasoning. As mentioned above 
PASAT included cognitive components not trained in the program and therefore the 
participants’ results indicate a transfer effect, and thus a generalization at Gordon’s 
second level. Regarding Gordon’s third level, reality effect or the improvement of 
cognitive functioning in daily life, an answer to possible generalizations calls for more 
research. Westerberg included a questionnaire (EMM) that hopefully will shed some 
light on this matter.      
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Within the scope of this thesis, answers to questions of plasticity or generalization in 
terms of neuronal functions in the brain cannot be given. With support of earlier 
research on the connection between WM and the frontal lobes, hopefully the results of 
Westerbergs study will shed more light on the intricate area of WM functioning. But it 
can be concluded that WM training improves executive functions in people aged 20-30 
and aged 60-70, which implies plasticity in neural networks in the frontal lobes in both 
younger and older adults.  
 
Limitations of this study 

Why was not the performance between T2 and T3 compared? A choice had to be made 
as to which of the three time points that were to be set as reference category, and as we 
were interested to see each group’s development from baseline, T1 was chosen as 
reference category and thus excluded the possibility to compare T2 with T3.  
 
In this study, a low dose group was compared to a high dose group. As mentioned 
above, both groups probably gained in performance from their training. Thus it is not 
possible to distinguish between training effects and possible test-retest effects. In order 
to do that, another comparison group would have been needed that would not have 
received any training at all. This would have improved the validity of this study. 
 
Some of the participants reached maximum score already at baseline, but significant 
performance differences between the groups over the time points were found, indicating 
that the distortion caused by this was not large enough to significantly influence the 
results. If the effects of the training would have been larger and more visible, the test 
would have distinguished better between groups and participants. There exists another 
version of PASAT with a shorter time interval between the digits. Perhaps this version, 
which can be considered more difficult, would have suited this study and its participants 
better. On the other hand, the study of for example demented persons would call for a 
longer interval version in order to achieve reliable results for all participants. The 
evaluation of the results generated in such a study would require corresponding results 
from a normal population.    
 

Implications of the results and future research 

So what is new about these results? Westerberg’s study is to our knowledge the first 
where healthy adults took part in a WM training program. More specifically the results 
presented in this thesis are the first of its kind when it comes to PASAT performance. 
Furthermore it is the first study of working memory training effects on PASAT. The 
results seem to support the hypotheses of implicit learning and generalization of WM 
training.    
 
Working memory training seems to have a lasting effect, but there is still a lot of work 
to be done. For example it would be interesting to evaluate the effects of the training 
program over a longer period of time. A trend of decline could be seen for the older 
training group at follow up. There was still a significant effect compared to baseline, but 
it would be interesting to see how the performance would hold over time. Finding 
efficient treatments for different kinds of dementia is perhaps one of the largest memory 
research areas. Dementia can take on many different forms, all more or less devastating, 
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and the need for efficient treatment is immense. In Alzheimer’s disease executive 
functions are progressively impaired. If WM training improves executive functioning in 
healthy adults, could it also be of use for patients with Alzheimer?  
 
Working memory plays a central role in our executive functioning, and training its 
capacity implies possibilities to improve our higher order functioning. In a complex 
world this is probably valuable not only in pathological cases but also for the normal 
population. Our results indicate that ReMemo© has great potential in enhancing WM 
functioning, thus improving the quality of life.  
 
Olesen suggests in her doctoral thesis (2004) future studies of WM in people with 
schizophrenia and other groups with impaired WM. One pilot study showing positive 
effects of WM training in adults that suffered from stroke was recently published 
(Westerberg et al., 2007). It has, as mentioned earlier, been shown that children 
suffering from ADHD gain significantly from WM training (Klingberg et al., 2005). 
Perhaps then all school children would gain from WM training.  
 
PASAT has been used extensively as a measure of cognitive impairment in MS patients.  
With the results of positive effects of WM training as a theoretical base, we would like 
to see a study of the effects of WM training in MS patients. WM training could perhaps 
become an important supplement to the physical rehabilitation widely used as treatment 
for MS. 
 
It is of great importance, in order to develop efficient methods of WM training for 
different groups (e.g., people with Alzheimer’s disease or schizophrenia), to better 
understand neuronal processes underlying improvement, thus allowing training to effect 
WM capacity. With the use of both fMRI and genotyping, in Westerberg’s ongoing 
study, new knowledge in this area is hopefully on the way. 
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Appendix 1. 
 
Table 1: Mean and S.D. for all four groups at the three different time points. 

Group M T1 S.D. T1 M T2 S.D. T2 M T3 S.D. T3 
Young 
Training  
 

52,62 4,67 56,39 3,12 54,6154 5,47048 

Young 
Comparison 
 

52,75 5,76 54,77 4,24 54,6154 5,47048 

 
Old Training 
 

 
47.77 
 

 
7.21 
 

54,38 5,15 52,8462 6,64345 

Old 
Comparison 
 

 
50.63 

 
8.93 52,00 7,27 51,6842 7,73917 

 
Total Training 
 

50,35 6,91 55,42 4,30 54,7037 5,58174 

Total 
Comparison 
 

51,78 6,78 53,60 5,81 53,3778 6,60678 

 
 
 
 


